COATING MATERIALS FOR
ELECTRONIC APPLICATIONS

Polymers, Processes, Reliability, Testing

by
James J. Licari

AvanTeco
Whittier, California

NOYES PUBLICATIONS

WILLIAMANDREW PUBLISHING
Norwich, New York, U.S.A.




Copyright © 2003 by Noyes Publications/ William Andrew, Inc.
No part of thisbook may be reproduced or utilized in any form or by any means,
electronic or mechanical, including photocopying, recording or by any information
storageand retrieval system, without permissioninwriting from the Publisher.

Cover Art © 2003 by Brent Beckley / William Andrew, Inc.
Cover Photo: Remoteel ectronicunitfor MarsRover Lander. Thisprinted wiring assembly iscoated
with protectivepolyurethane.(Courtesy JPL)

Library of Congress Catal og Card Number:
ISBN: 0-8155-1492-1
PrintedintheUnited States

Publishedinthe United Statesof Americaby
NoyesPublications/ William Andrew, Inc.
13 Eaton Avenue

Norwich, NY 13815

1-800-932-7045

www.williamandrew.com

www.knovel.com

10987654321

Thisbook may bepurchasedinquantity at discountsfor education, business, or salespromotional useby
contacting the Publisher. NoyesPublicationsanditslogo aretrademarksof William Andrew, Inc.

NOTICE

To the best of our knowledge the information in this publication is accurate; however
the Publisher does not assume any responsibility or liability for the accuracy or
completeness of, or consequences arising from, such information. Thisbook isintended
forinformati onal purposesonly. Mention of trade namesor commercial productsdoesnot
constitute endorsement or recommendation for use by the Publisher. Final determination
of the suitability of any information or product for any use, and the manner of that use,
is the sole responsibility of the user. Anyone intending to rely upon any recommen-
dation of materials or procedures mentioned in this publication should be indepen-
dently satisfied as to such suitability, and must meet all applicable safety and health
standards.

Library of Congress Catal oging-in-Publication Data

Licari, JamesJ., 1930-

Coating material sfor electronic applications: polymers, processes,
reliability, testing/ by JamesJ. Licari.

p.cm.

ISBN 0-8155-1492-1
1. Protectivecoatings. 2. Electronics--Materials. |. Title.

TA418.76.L53 2003

621.381--dc21

2003000696



MATERIALS AND PROCESSES FOR ELECTRONIC APPLICATIONS
SERIES

Series Editor: James J. Licari, AvanTeco, Whittier, California
COATING MATERIALS FOR ELECTRONIC APPLICATIONS: by James J. Licari
ADHESIVE MATERIALS FOR ELECTRONIC APPLICATIONS: by Dale W. Swanson

Related Electronic Materials and Process Technology

CHARACTERIZATION OF SEMICONDUCTOR MATERIALS, Volume 1: edited by Gary E.
McGuire

CHEMICAL VAPOR DEPOSITION FOR MICROELECTRONICS: by Arthur Sherman
CHEMICAL VAPOR DEPOSITION OF TUNGSTEN AND TUNGSTEN SILICIDES: by
John E. J. Schmitz

CHEMISTRY OF SUPERCONDUCTOR MATERIALS: edited by Terrell A. Vanderah
CONDUCTIVE POLYMERS AND PLASTICS: edited by Larry Rupprecht

CONTACTS TO SEMICONDUCTORS: edited by Leonard J. Brillson

DIAMOND CHEMICAL VAPOR DEPOSITION: by Huimin Liu and David S. Dandy
DIAMOND FILMS AND COATINGS: edited by Robert F. Davis

DIFFUSION PHENOMENA IN THIN FILMS AND MICROELECTRONIC MATERIALS:
edited by Devendra Gupta and Paul S. Ho

ELECTROCHEMISTRY OF SEMICONDUCTORS AND ELECTRONICS: edited by John
McHardy and Frank Ludwig

ELECTRODEPOSITION: by Jack W. Dini

HANDBOOK OF CARBON, GRAPHITE, DIAMONDS AND FULLERENES: by Hugh O.
Pierson

HANDBOOK OF CHEMICAL VAPOR DEPOSITION, Second Edition: by Hugh O. Pierson
HANDBOOK OF COMPOUND SEMICONDUCTORS: edited by Paul H. Holloway and Gary
E. McGuire

HANDBOOK OF CONTAMINATION CONTROL IN MICROELECTRONICS: edited by
Donald L. Tolliver

HANDBOOK OF DEPOSITION TECHNOLOGIES FOR FILMS AND COATINGS,Second
Edition: edited by Rointan F. Bunshah

HANDBOOK OF HARD COATINGS: edited by Rointan F. Bunshah

HANDBOOK OF ION BEAM PROCESSING TECHNOLOGY: edited by Jerome J. Cuomo,
Stephen M. Rossnagel, and Harold R. Kaufman

HANDBOOK OF MAGNETO-OPTICAL DATA RECORDING: edited by Terry McDaniel
and Randall H. Victora

HANDBOOK OF MULTILEVEL METALLIZATION FOR INTEGRATED CIRCUITS: edited
by Syd R. Wilson, Clarence J. Tracy, and John L. Freeman, Jr.

HANDBOOK OF PLASMA PROCESSING TECHNOLOGY: edited by Stephen M. Rossnagel,
Jerome J. Cuomo, and William D. Westwood

HANDBOOK OF POLYMER COATINGS FOR ELECTRONICS, Second Edition:by James
Licariand Laura A. Hughes

HANDBOOK OF REFRACTORY CARBIDES AND NITRIDES: by Hugh O. Pierson
HANDBOOK OF SEMICONDUCTOR SILICON TECHNOLOGY: edited by William C.
O’Mara, Robert B. Herring, and Lee P. Hunt

HANDBOOK OF SEMICONDUCTOR WAFER CLEANING TECHNOLOGY: edited by
Werner Kern



Vi Series

HANDBOOK OF SPUTTER DEPOSITION TECHNOLOGY: by Kiyotaka Wasa and Shigeru
Hayakawa

HANDBOOK OF THIN FILM DEPOSITION PROCESSES AND TECHNIQUES, Second
Edition: edited by Krishna Seshan

HANDBOOK OF VACUUM ARC SCIENCE AND TECHNOLOGY: edited by Raymond L.
Boxman, Philip J. Martin, and David M. Sanders

HANDBOOK OF VLSIMICROLITHOGRAPHY,Second Edition: edited by John N. Helbert
HIGH DENSITY PLASMA SOURCES: edited by Oleg A. Popov

HYBRID MICROCIRCUIT TECHNOLOGY HANDBOOK, Second Edition: by James J.
Licariand Leonard R. Enlow

IONIZED-CLUSTER BEAM DEPOSITION AND EPITAXY: by Toshinori Takagi
MOLECULAR BEAM EPITAXY: edited by Robin F. C. Farrow
NANOSTRUCTURED MATERIALS: edited by Carl C. Koch

SEMICONDUCTOR MATERIALS AND PROCESS TECHNOLOGY HANDBOOK: edited
by Gary E. McGuire

ULTRA-FINE PARTICLES: edited by Chikara Hayashi, R. Ueda and A. Tasaki
WIDE BANDGAP SEMICONDUCTORS: edited by Stephen J. Pearton

Other Related Titles

ADVANCED CERAMICPROCESSING AND TECHNOLOGY, Volume 1:edited by Jon G. P.
Binner

CEMENTED TUNGSTEN CARBIDES: by Gopal S. Upadhyaya

CERAMIC CUTTING TOOLS: edited by E. Dow Whitney

CERAMIC FILMS AND COATINGS: edited by John B. Wachtman and Richard A. Haber
CERAMIC TECHNOLOGY AND PROCESSING: by Alan G. King

CORROSION OF GLASS, CERAMICS AND CERAMIC SUPERCONDUCTORS: edited by
David E. Clark and Bruce K. Zoitos

FIBER REINFORCED CERAMIC COMPOSITES: edited by K. S. Mazdiyasni
FRICTION AND WEAR TRANSITIONS OF MATERIALS: by Peter J. Blau

HANDBOOK OF CERAMIC GRINDING AND POLISHING: edited by loan D. Marinescu,
Hans K. Tonshoff, and Ichiro Inasaki

HANDBOOK OF FILLERS, Second Edition: edited by George Wypych

HANDBOOK OF HYDROTHERMAL TECHNOLOGY: edited by K. Byrappa and Masahiro
Yoshimura

HANDBOOK OF INDUSTRIAL REFRACTORIES TECHNOLOGY: by Stephen C. Carniglia
and Gordon L. Barna

HANDBOOK OF MATERIAL WEATHERING: edited by George Wypych
HANDBOOK OF SOLVENTS: edited by George Wypych

MECHANICAL ALLOYING FOR FABRICATION OF ADVANCED ENGINEERING
MATERIALS: by M. Sherif EI-Eskandarany

SHOCK WAVES FOR INDUSTRIAL APPLICATIONS: edited by Lawrence E. Murr

SOL-GEL TECHNOLOGY FOR THIN FILMS, FIBERS, PREFORMS, ELECTRONICS
AND SPECIALTY SHAPES: edited by Lisa C. Klein

SOL-GEL SILICA: by Larry L. Hench

SPECIAL MELTING AND PROCESSING TECHNOLOGIES: edited by G. K. Bhat
SUPERCRITICAL FLUID CLEANING: edited by John McHardy and Samuel P. Sawan
WEATHERING OF PLASTICS: edited by George Wypych



Preface

Since the publication of the Handbook of Polymer Coatings for
Electronics, Second Edition, by Licari and Hughes, morethan adecadeago,
considerabl e changes have occurred in technology and in the marketplace,
especially with the mergers of companies, spin-offs of hew companies,
discontinuanceof productlines, and changesintradenames. Many technol o-
gies and product lines have been canceled while others have been sold or
transferred several timesover. Furthermore, drastic retrenchmentsin R& D
and general burden budgets, both by the government and industry, have
occurred. Thein-depth characterization of materia sthat wasprevalentinthe
1960s through the 1980s has slowed considerably.

Major changes have also occurred in government and military
procurements of electronic equipment. Numerous military and federal
specifications have been canceled or inactivated for new designs and
replaced by industry-association specifications. This reliance on industry
and commercial specifications resulted from the government’s policy of
reducing costsby procuring commercial off-the-shelf (COTS) components
and equi pment, provided they met the performancerequirementsof aspecific
program.

Concurrently with changesintheeconomy and government policies,
maj or advancesoccurredinmicroel ectronicsthat dictated new applications
for materials in general and coatings in particular. High-purity dielectric
coatings were developed and used as interlayer dielectrics and as stress
buffersat boththel C and multilayer interconnect substratelevels. Thus, this

vii



Viii Preface

book covers low-dielectric-constant coatings for controlled impedance,
high-frequency circuits. Included in the coatings that meet these new
applications are polyimides, parylenes, benzocyclobutenes, silicones, and
fluorinated polymers. Photoi mageabl e coatings have al so assumed promi-
nenceduring thisperiod. From amanufacturing standpoint, photoimageable
coatings reduce the number of process steps and, from an engineering
standpoint, they permit thedesignand formationof finer circuit dimensions.
Dielectric coatingsthat are amenabl eto theformation of microviasby laser
ablation or photoimaging haveal so been devel opedfor chip-scal epackages
(CSP) and multichip module-D (MCM-D) interconnect substrates.

Processesfor cleaning assembliesprior to coating, and processesfor
dispensing and curingthecoatings, havehadto bereassessedinview of new
local, state, federal, and even global regulations. To minimize material
waste, reduce costs, and comply with environmental regulations, methods
such as extrusion coating of large flat panels and selective computer-
controlled dispensing have been introduced. With the use of “no-lead”
solders, higher reflow solder temperatures are required resulting in new
cleaning sol vents and methodsfor removing fluxes.

Finally, amajor effort has occurred in reformulating coatings to
meet federal, state, and county regulations on emissions and toxicity.
Coatings having low VOC (volatile chemical compounds) solvents and
preferably those having no volatile solvents at all (100% solids coatings)
have replaced many solvent-based high-VOC coatings. Conservation of
energy was also addressed by the introduction of new uv-curing and
microwave-curing formulationsto replace heat-curing systems.

Besidesadiscussion of thefunctionsand requirementsfor coatings,
asignificant portion of thisbook isdevoted to the chemistry and properties
of coatingsasthey rel ateto el ectronic applications. Anunderstanding of the
chemistry and molecul ar structure of the polymersupon which coatingsare
based is extremely important in determining the properties desired and
predicting the behavior of the coated parts under operating conditions.
Manufacturingtechnology isalsotreatedindetail, covering both traditional
processes and new advanced processes for surface preparation, cleaning,
dispensing, and curing of coatings. Chapter 4 on “ Applications’ givesthe
reader an appreciation of the myriad usesfor coatingsfor electronicsfrom
everyday consumer applicationsto deep-spaceapplications. Lastly, reliabil-
ity issuesaretreated and comprehensivelistsof test methodsand specifica-
tionsgiven.



Preface iX

Thisbook isintended for el ectroni csdesign engineerswho arefaced
daily with decisions on selecting organic coatings, and for materials engi-
neersand chemistswho need to know moreabout el ectroni c applicationsand
their requirementsinorder to devel op new coatingsor improveexisting ones.
Thisbook helpsto bridge the gap between these two disciplines. Thistext
should al so benefit personnel involved in manufacturing and quality assur-
ance and othersdirectly or indirectly involved in microel ectronics such as
sales and marketing.

James J. Licari Whitter, CA
2003

Author’sDisclaimer

Because of differences in methods of testing and variations in
formul ations, the propertiesof coatingsreported throughout thisbook should
not be used in specifications without consulting the manufacturer of each
product. Values may differ considerably from those cited throughout the
text, dependingontheformulation, degreeof cure, manner of processing, and
test method used.
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1

Functionsand
Requirementsof
Coatingsfor Electronic
Applications

Conformal coatings such as polyurethanes, acrylics, epoxies, and
silicones have been used for over 40 years to protect printed wiring
assemblies from moisture, handling, ionic contaminants, and particul ates.
Withtheadvent of integrated circuitsand multichip modul es, especiallyinthe
early yearswhen chip passivation layers could not berelied upon for total
protection, anew breed of organic coatings was devel oped, modified, and
purifiedto render them compatiblewiththebarechip devices. Thisresulted
innew “ semiconductor grade” coatingsand material sdevel oped by compa-
nies such as Dow Corning, General Electric, and Hysol-Dexter among
others. The early epoxies had to be distilled several times to remove fair
amountsof chlorideand sodiumions™ and purify theresins. Epoxy typesthat
do not produce sodium chloride as a by-product of their synthesis were
subsequently introduced.

Withrecent advancementsinvery highdensity, high-speed devices
and circuits, coatings have been developed and applied as interlayer
dielectricsfor multichip modules, chip-scal e packages, and optoel ectronic



2 Coating Materials for Electronic Applications

packaging. Amongthesearepolyimides, benzocyclobutenes(BCB), fluoro-
parylene, and ahost of photoimageable coatings.

Depending ontheapplication, coatingsarerequired to meet abroad
range of adhesion, environmental protection, electrical, and thermal func-
tions.

1.1 FUNCTIONS AND REQUIREMENTS

The two key functions of coatings used in electronic circuits are
environmental protection, particularly moisture protection, and electrical
insulation or isolation. In addition to shielding el ectronics from moisture,
chemicals, and contaminantsthat result in corrosion and el ectrical failures,
environmental protection includes protection from physical abuse, such as
handling and abrasion, temperature extremes, and radiation. Special func-
tionsincludeinterlayer diel ectricsfor high density interconnect packaging,
particle immobilization or gettering, Electromagnetic Interference/Radio
Freguency Interference(EMI/RFI) shielding, el ectrostati c discharge (ESD)
protection, photoresists, and solder masking. Adhesion of the coatingsis
critical tofulfillingthesefunctions.

1.1.1 Adhesion—The Basic Requirement

The requirementsthat a coating must meet depend on the specific
application and function that the coating must perform for that application.
M oistureand salt spray/fog protection, for example, areimportant for most
unprotected ground-based and ship-borne el ectronic equipment whilelow
outgassing in athermal-vacuum environment iscritical for spacevehicles.
However, the one coating requirement that isbasic to all functionsisgood
adhesion, bothinitially and duringtheoperationandlifetimeof thehardware.
Unless the coating adheres well to all surfaces and maintains its adhesion
under storage and duty-cycle conditions it will not perform its intended
functionand may, ultimately, resultin el ectrical failureof theentire system.
Adhesion depends as much on the type of coating and its processing
conditions as on the surface condition to which the coating is applied.

Printed circuit assembliescontain avariety of componentsconsist-
ing of different materialsand surface conditions. Thecircuit boarditself is
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often coated with a solder mask that has been photoetched or chemically
patterned. Assembling the components involves fluxing and soldering. If
residues from these operations are not thoroughly removed, adhesion will
be impaired. Even a single fingerprint left on the part prior to coating,
although not visibly detectable, manifestsitself as ablister after exposure
tomoisture. Salt residuesfrom fingerprints, being hygroscopic, absorb and
retain moisture subsequently causing lifting of the coating.

Assuming that the surface is clean of contaminants, adhesionisa
function of the ability of the liquid coating to wet the surface and can be
measured by the anglethat the liquid makeswith the solid surface. A drop
of liquidonasolid surfaceformsan angledueto thebalancing of threeforces
comprisingtheinterfacial tensionsbetween solidandliquid, solid and vapor,
and liquid and vapor. The angle within the liquid phase is known as the
contact angle or wetting angle (0). It is the angle included between the
tangent planeto the surface of theliquid and thetangent planetothesurface
of thesolid, at any point alongtheir lineof contact. At theextremes, acontact
angle of zero degrees indicates complete wetting while a contact angle of
180 degreesindicates no wetting. Wettability and contact angle depend on
the surface tension of the coating. Generaly, the best wettability and
adhesion result from surfaces that have high surface energies and coatings
that have low surface tensions. As arule, acceptable bonding adhesion is
achieved when the surface energy of a substrate measured in dynes/cmis
approximately 10 dynes/cm greater than the surface tension of the liquid.
Examples of materials having high surface energies include highly polar
solids such as most metals; metals having a natural surface oxide such as
aluminum; ceramics such as alumina, silica, and beryllia; and plastic
lami natessuch asepoxy-glassand polyimide-glass. Among material shaving
poor wettability arethosehavinglow surfaceenergiessuchasgold, Teflon*,
fluorocarbon plastics, some silicones, and plastics that have appreciable
amountsof plasticizersor moldrelease agents. It isreported by Ritchiethat
even the surface texture of a substrate, as of afully cured solder maskant,
affects the wettability and adhesion of the coating.[d

Fortunately, both substratesand coatingscan bealtered andtailored
toimprovewettahility and adhesion. Surfactants, polar solvents, and diluents
may be added to coatingsto reducetheir surfacetensionsandimprovetheir
wetting properties. Solid surfacescanbechemically or physically treated to
convert monoatomic or molecular surface layers to polar structures. The
inherently poor wettability of polyethylene and polypropylene has been

*Teflon® isaregistered tradename of DuPont.
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enhanced by a uv/ozone surface treatment while many metals may be
treated by anodizing or applying achemical conversion coating. Adhesion
promoters such as primers are also widely used to enhance adhesion.
Organo-silanes form the basis for many commercially available primers.
They enhance adhesion by forming a molecular bridge between the sub-
strate surface and the coating (see Sec. 1.3 for further discussion of
primers).

1.1.2 Other Requirements

Besides adhesion, coatings used on electronic devices and assem-
bliesmust meet other engineering and manuf acturing requirements. Among
the engineering requirements are:

» Low moisture vapor transmission rate (MVTR) and low
water absorption.

» Nodeamination, blistering, flaking, or chemical decompo-
sition on aging, thermal or humidity exposure, or other
specific environmental exposures such as ultraviolet or
ionizingradiation.

» Highpurity. Preferably nochloride, sodium, potassium, or
ammoniumions.

* Non-nutrient. Must be resistant to microorganisms and
prevent growth of fungus and other bioorganisms.

» Low outgassing. No decompaosition under the conditions
of use or under screen test conditions.

» Lowstress, eitherlow modulusof elasticity or coefficients
of thermal expansions (CTEs) matching those of the
substrate materials.

» Protectionof avariety of metalsusedinelectroniccircuits
fromcorrosion, specifically thin-film metallizationssuch
asaluminum, nichrome, copper, and solders.

» Excellent electrical propertiesincluding insulationresis-
tance, dielectric constant, dissipation factor, dielectric
breakdown voltage, and retention of these properties
under thermal aging, humidity exposures, and a wide
frequency range.
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» Resistancetoionizingradiation, atomicoxygen, andother
space environments.

Among desirablemanufacturing requirementsare:
* Low material cost.
» Low lossof material during its application.
» Longshelf lifeand workinglife.
* Inexpensive processand processequipment.

» Low organic volatiles and organic solvents; compliance
with federal and state regulations.

* Non-toxic, non-flammable.

Theseand other manufacturing considerationsare discussed in Ch. 3under
Manufacturing Technologies.

1.2 ENVIRONMENTAL PROTECTION
FUNCTIONS

Besides protection from moisture, coatings are used to protect
electronic devicesand assembliesfrom corrosion and from other terrestrial
environments such as salt atmosphere, abrasion from particles, dust and
blowing sand, handling, 0zone, fungus, bioorganisms, cleaning solvents, and
chemicals. For space vehicles, protection from exposure to various types
andintensitiesof radiation, high vacuum, atomic oxygen, and meteor debris
must also be considered.

1.2.1 Moisture Protection

Themainfunction of coatingsinterrestrial applicationsisto protect
parts from moisture-induced corrosion. However, no organic coatings or
organic polymeric material sare compl etely impermeableto moisture, ions,
or gases. Varying degreesof moisture protection are possibledepending on
themolecular structureof thepolymer, thedegreeof cureor polymerization,
theamount of impurities, and the degree of adhesiontothesurface. Coating
or encapsulating with polymeric materials, if required, cannot achievetrue
hermetic sealing. Y et in most cases, organic materials provide sufficient
protection to render the coated part reliable for an application or aspecific
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environment. Only in the most severe environments and to achieve the
highest reliability, as for some military, space, or medical programs, will
hermetically sealed circuits be necessary. Even there, a reevaluation of
stringent military specificationsvis-a-visrecent emphasison COTS (Com-
mercial Off-the-Shelf) electronicsisoccurring.®l

Selection Criteria. In selecting the optimum coating to protect
electronicsfrommoisture, ions, or gases, thecoating’ spermeability tothese
contaminantsmust beknown or measured. L ow moisture permeability and
low moistureabsorption aretwo key parameters. Generalizationsshould be
avoided. One cannot unequivocally state that epoxies are better than
siliconessincetherearethousandsof epoxy andsiliconeformulationsonthe
market and many thousands more that are possible. Slight changes in
formulation (typeof filler,amount of filler, degreeof cross-linkingand cure,
and polarity of the molecul€) can create significant differencesin moisture
or gas permeation rates and water absorptions. Hence, epoxies, depending
on the formulation and type, can absorb aslittle as 0.1% water or as much
as5%. Tablesof moisture permeabilitiesand water absorptionsfor organic
materials are scattered throughout the literature.!4-6l

M oisture Absor ption. Moisture absorption for a given formula-
tion isreported as the percent of water absorbed at a given temperaturein
agiven period of time. A precisely weighed amount of material isimmersed
inwater at agiventemperature, or isexposed to ambientsof variousrelative
humiditiesat giventemperatures, andisperiodically weighed until moisture
saturation has been achieved. Thisisthe point at which no further increase
in weight occurs. Precise gravimetric measurements may be made using a
microbalance or electrobalance.

Suppliers generally report water absorption data based on ASTM
D570-98" whereawei ghed sampl eisexposedfor 24 hoursinwater at room
temperature or at an elevated temperature and then reweighed. Thisis a
convenient and rapid method to compare coatings, but may not represent the
full saturation amount, which may take weeksto develop. Table 1.1 gives
some water absorption values for various polymer types.

Moisture Penetration and Permeation. Moisture may seep
through a coating by one or both of two mechanisms; passage through
microcracks and/or pinholes or permeation through the polymer structure.
Permeability or moisture vapor transmission rates (MVTR) are given in
grams of water that will pass through a defined area and thickness of a
coating material in aspecified period of time. The conditions of humidity
exposure and temperature must be specified. MV TR is expressed by the
followingequation:
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Eq. (1.1) MVTR =2
at

where Q = grams of water permeating the coating
I coating thicknessincm

a
t

Table 1.1.

coating areain cm?
timeinhr

Water Absorption Values for Some Polymer Types*

Commercial

% Absorption 24

Polymer Type Product Manufacturer hrs Immer sion
Acetal various various 0.25
Acrylic various various 0.3
(PolymethyImeth-
acrylate)

Benzocyclobutene Cyclotene® Dow Chemicd 0.2,0.3
(BCB) (2 hr/boiling water)
Epoxies various various 0.5t01
Ethylene- Tefzel® DuPont <0.01
tetrafluoroethylene Teflon® ETFE
Polyamide Nylon 6,6 DuPont 0.7t0 1.5(3.3)**
Polyamide-imide various various 0.33
Polyarylsulfone PAS various 0.22
Polyethylene various various 0.01
Polyimides various various 0.5t0 1.7

(2 hr/bailing water)
Polystyrene various various 0.01t00.03 (0.2)**
Polytetrafluoro- Teflon® PTFE DuPont 0.001
ethylene
Polyurethanes Conathane RN- Cytek 0.25

2000

Polyurethanes various various 0.6t0 0.8
Polyvinyl chloride PvVC various 0.15t00.75
Polyvinyl dichloride PVDC various 0.11

* Vdues were obtained from several sources and may vary appred ably from those
given because of differences in test conditions, formulations, and processing
conditions. More extensive data are given in Modern Plastics Encyclopedia,

McGraw-Hill, 1992.

** \/aues obtained from Bentec Services Ltd., (www.bentecservices.com)
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Generally, an ambient of 90% relative humidity at 38°C is used.
MV TRsare often reported as grams/m?/24 hrs/mil, especialy if valuesare
quite small. Many factors affect MV TRs. Besides the polymer type, its
formulation ingredients, degree of cure, and molecular structure are deter-
mining factors, especially for the epoxies, silicones, and polyurethanes.
Other factors that either increase or decrease the MVTRs of polymer
coatingsaregiveninTable1.2. Test methodsused are ASTM E96-0018 and
ASTM D1653-93.[% Thesemethodsaredescribedin Ch. 6. TheMV TRsfor
some polymersare givenin Table 1.3.11%

Table 1.2. Factors Affecting Moisture Permeability

Factor Usual Effect on Permeability

Solvent entrapment Increase
Plasticizers Increase
Structure of film

Polar, hydrophabic Decrease

Polar, hydrophilic Increase

Nonpolar Decrease
Degree of cross-linking Decrease
Crystalinity Decrease

Metal Migration. Associated with moisture absorption and per-
meation is the ability of a coating to prevent or suppress metal migration.
Metal migration, especially silver migration, occursbetween closely spaced
conductor linesinthe presenceof moistureand an applied voltage. It results
in reduction of insulation resistance, an increase in current leakage, and
eventual catastrophicshorting. Metal migrati on hasbeen knownand studied
for over thirty years because it has been the cause of many microcircuit
failured ™15 (seeal so Ch.5 on Reliability). A rapidtest consistsof applying
adrop of water across closely spaced conductors with an applied bias of
several volts. The absence or presence of metal migration can be deter-
mined visually. The sametest can be used to assess the effectiveness of an
overcoating to prevent or minimize metal migration. Figure 1.1 showsthe
extent of silver migration for an unprotected silver-platinum thick-film
conductor test pattern. Figure 1.2 shows the absence of metal migration
whengoldthick-filmswereused under similar test conditions. Overcoating
of metal conductorsthat are proneto metal migration can reducethe extent
of metal migration.
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Table 1.3. Moisture Vapor Transmission Rates for Some Polymers*
(90-95% RH, 40°C)

Polymer Trade Name (Company) MVTR, g/m%24 hr/25 pum

Benzocyclobutene
(BCE)Cy . Cyclotene® (Dow Chemical) 24
Epoxy, anhydride
cured 37.2
Epoxy, uv cured 20-23
Epoxy, aromatic
amine cured 279
Fluorinated ethylene ®
opylene Teflon® FEP (DuPont) 6.4-7.13
Fluoropolymer film ACLAR® (Allied Signal) 0.016
Polycarbonate Lexan® (General Electric) 31
Polyethylene
terephthalate Mylar® 29.45
Polyimide film Kapton® (DuPont) 54
PolymethyImeth- .
acrylate Acrylic 550
Polystyrene (Avisun) 133.3
Polysulfide (Thiokol) 668
Polysulfone 279
Polytetrafluoro- ®
ethylene Teflon® PTFE (DuPont) 5
Polyurethane, castor
oil cured 66.7
Polyurethane,
polyester cured 134.9
Polyurethane Magna X500 37.2
Polyvinyl fluoride PT207 (Product Techniques) 46

yviny q 10.85 (25°C)
Polyvinyl formal Formvar® 110
Polyvinylidene
chloride Saran® 157

(cont'd.)
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Table 1.3. (cont'd.)

Polymer Trade Name (Company) MVTR, g/m?24 hr/25 pm
Polyvinylidene 5
fluoride 2.6(23°C)

Parylene C (Specialty
Polyxylylene Coating Systems) 155
Parylene N (Specia
Polyxylylene C)(/) ating &(/Zpems)ty 217
Silicone Gel 1744
Silicone, methy!l
phenyl 594
Silicone, RTV 1872
Silicone, akyd 69.8-122.5

* Compiled from Baerl19 and various company brochures. Values may vary from
those reported depending on the formulation, degree of cure, processing, and test

method used. g/(25 um)(m?2)(24 hr) x 0.0645 = g/(25 um)(100 in?)(24 hr)

Figure 1.1. Metal migration. Water-drop test for a silver-platinum, thick-film
conductor (complete bridging after 25 min, 4 Vdc).
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Figure 1.2. Metal migration. Water-drop test for thick-film gold conductor (no
evidence of metal migration after 1 hr, 4 Vdc).

1.2.2 Corrosion Protection

Coatings may be applied to metal surfaces or between surfaces of
dissimilar metals to protect them from direct chemical corrosion or from
galvanic corrosion. A description of other types of corrosion and design
criteria to avoid them may be found in Kennedy Space Flight Center’s
Document TM-584C.[1€]

Direct Chemical Corrosion. The most commonly encountered
corrosiveenvironmentsarelistedinTable 1.4. Asarule, elevated tempera-
tures accelerate the rates of corrosion.

Table 1.4. Environments and their Corrosive Constituents

Environment Corrosive Constituents

Normal air ambient Moisture, oxygen, sulfur dioxide, carbon dioxide

Water Calcium salts and other metal salts, ions

Salt water or salt spray Sodium and chloride ions, marine organisms
Numerous acids, bases, oxidizing or reducing agents,

Chemicals and solvents solvents, strippers, etc., which may comeinto contact
with the part during processing or operation

Soil Moisture, fungus, other microorganisms
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Metal scorrodedifferently, depending onthenature of themetal and
the environment to which they are exposed. Somefailure modesfor metals
and alloyscommonly employedin electronic assembliesaregiveninTable
1.5. Corrosion occurs by either achemical or electrochemica mechanism
and, in almost every case, moisture must be present. Hence, the moisture-
barrier and moisture-resistance properties of acoating become key factors
incorrosion prevention. Withmany metals, inorganicmetal oxidefilmsform
onexposuretoair. These oxidesmay continueto grow until the metal loses
much of its strength or is completely consumed, asin the case of iron; or,
oxidesmay form athin topographical layer that actsasabarrier preventing
further deterioration of thebulk of themetal, aswith aluminum. Artificialy
produced, inorganic films may be formed to provide corrosion protection.
Called chemical conversion coatings, these filmsare produced by causing
the metal surface to react with oxygen, phosphates, chromates, or other
chemicalstoformapassivationlayer. Other passivefilms, such asanodize,
are formed electrochemically. For very harsh environments or long-term
exposure, organic coatings are applied over these conversion coatings
providinganeffectivebarrier system. Lacquers; baking enamels; and highly
resistant epoxies, vinyls, polyurethanes, or silicones are often used.

Theeffectivenessof conversion coatingsmay vary widely, depend-
ing on differences in surface preparation, cleanliness of the surfaces, and
thickness of the coating. Thicker coatings reduce the probability of imper-
fectionsin the coating, increase protection from abrasion and mechanical
damage during use, and increase the moisture resistance of the film. In
general, the thicker the coating, the better its anticorrosive properties.

Galvanic Corrosion. Galvanic or electrochemical corrosion oc-
curswhendissimilar metal sarein contact with each other or areelectrically
connected in a conductive solution so as to generate an electric current.
Accelerated corrosion occurs in the more active metal (anodic) and
decreased corrosion in the less active metal (the cathode). The extent of
galvanic corrosion can be predicted from the el ectromotive seriesin which
metalsarelistedintheorder of their individual electrical potentials.*”) The
greater the differences in potential between two metals, the greater the
propensity for corrosion. Thusinsomeambients, magnesium, zinc, stedl, and
aluminum in contact with copper, stainless steel, and nickel result in
appreciable corrosion. An essential condition for galvanic corrosionisthe
presence of an electrolyte between the metals such as moisture and some
ionicresidues. Thus, theoretically, twodissimilar metal sthat aresuper clean
in an ultra-dry environment should not corrode. But these conditions are
rarely achievedinpracticeand, if so, aredifficulttomaintain. Thus, dissimilar
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Table 1.5. Corrosion Modes for Metals and Alloys Commonly Used in

Electronic Assemblies

Metal or Alloy Type of Corrosion
Thermal-air exposure resultsin black oxidation
product; forms green copper carbonate (verdigris)
Copper which inhibits further corrosion except as accel erated

by galvanic coupling; exposure to salt environment
produces high electrical resistance due to formation of
copper salts; tarnishesin sulfur containing ambients.

Copper-nickel dloysand
copper-beryllium alloys

Tarnishes in sulfur containing ambients and in moist
arr.

Aluminum, pure or 5052,
6061, 1100, 3003

Forms white oxide, which is usually superficial and
entails no structural damage.

Aluminum high-grength
alloys 2024, 2014

Susceptible to tunneling, exfoliation, and stress
corrosion.

Aluminum high-gtrength
aloys 7075, 7079

Susceptible to stress corrosion.

Aluminum aloys, general

Galvanic corrosion from dissimilar metal couples.

Magnesium AZ31B

Rapid local dissolving a breaksin metallic coatings
or at points of coupling with nobler metals; oxidizes
slowly in moist air.

Magnesium-lithium alloy

Interaction of moisture with the lithium portion of the
aloy resultsin rapid evolution of hydrogen and
formation of whitelithium hydroxide; organic
protective coatings used are permegble to moisture
and blister and lift dueto hydrogen generation; also
reacts with carbon dioxide from the ambient to give
white lithium carbonate.

Magnesium-thorium alloy

Very susceptible to moist ambient

Beryllium

Stable in air; forms ametal-oxide protective layer on
heating in air; will react rapidly with methyl alcohol;
attacked by akaliswith evolution of hydrogen.

Nickel

Little corrosion problem except for galvanic couples;
very stablein ar and water owing to presence of
nickel oxidelayer.

Silver

Black silver sulfide “tarnish” on exposure to ambient
owing to interaction with SO, and H,S contaminants
inair.

Gold

Extremely inert, no corrosion products.
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metal s should be avoided or, if used, an organic coating,inorganic coating,
or insulativefilm should beappliedto separatethetwo metal sto prevent the
electrochemical cell fromgenerating. Other precautionsconsist of thorough
cleaning of the mating surfaces, thorough drying, and maintaining amois-
ture-free ambient. Guidelines for the prevention of galvanic corrosion are
definedinMIL-STD-889.[1]

Filiform Corrosion. Filiform corrosion is a unique type of
corrosion that forms beneath a painted or coated metal surface. Its name
derives from the appearance of thread-like projections of the corrosion
products. The corrosion starts at small, often microscopic, defects in the
coating through which moisture can penetrate. It occurs primarily on
carbon-steel or aluminum surfaces that have been coated with lacquers or
other quick-drying coatings. Filiform corrosion can be avoided by surface
pretreatments, such asanodizing, chemical conversion coating, or priming,
followed by atopcoat. Theuseof heat-cured epoxiesasthetopcoat hasbeen
found to be especially effective in preventing thistype of corrosion.

Filiform corrosion is not a problem with electronic assemblies,
subassemblies, and components since established pretreatments and high-
performance coatings are used to protect metal parts.

1.2.3 Salt Spray Resistance

Inadditionto protection frommoistureand high humidity/tempera-
ture environments, organic coatings are extensively used to protect elec-
tronic hardware exposed to marine environments where salt spray/fog
dominate. Salt spray testing is commonly used to evaluate and compare
different coatings on the same substrate for their relative resistance to salt
spray andtheir ability to protect el ectronic circuitsand componentsfromthe
corrosive effects of salt exposure. The test defined in MIL-STD-883,
Method 1009, consistsof subjecting thepartsto afinemist of 0.5to 3% salt
solutionat 35°Cfor variousperiodsof timeranging from Condition A (24 hrs)
to Condition D (240 hrs) and inspecting at 10-20 times magnification for
corrosion or other defects in the coating or substrate. The salt spray test,
however, is not considered an accelerated test to predict service life.

1.2.4 Permeation of Gases

Likemoisturevapor, other gasespermeatethrough polymer filmsto
varying degreesdepending onthemol ecular structure of thefilm, thenature
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of the gas, the temperature, and pressure. Though not as detrimental as
moisture, the penetration of oxygen, carbon dioxide, hydrogen sulfide, and
sulfur dioxideto active semiconductor surfacesand thin-film metallization
canchemically alter thesurfaces. Oxygen canoxidizethinmetal filmswhile
hydrogen sulfide causessilver surfacesto tarnish. Both carbon dioxideand
sulfur dioxide form acids in the presence of moisture. The formation of
sulfuricacidfromsulfur dioxideisprobably themost serioussituati on, but not
very common. In general, sulfur gases in the ambient are quite low and
electronics are well packaged and stored.

Several methods are used to measure the gas permeabilities of
polymer films. According to ASTM D1434!18l either amanometric (M) or
avolumetric (V) test method may be used. In either case, the sample film
is mounted in a gas transmission cell so as to form a sealed semibarrier
between the two chambers. One chamber containsthetest gas at aspecific
elevated pressure. The second chamber is either evacuated, into which the
permesation of gasis measured by an increasein pressure (Method M), or
containsthe gasat alower pressureto record achangein volume (Method V).

1.2.5 Handling and Abrasion Resistance

Coatingsprovidehandling protectionfrom both physical abuseand
fromionicresiduesfromfingerprints. Coatingswill increasetheruggedness
of solder joints, wirebonds, and fragile components. Asan example, 1-mil-
diameter aluminum or gold wire bonds that inherently may have a pull
strength of 7to 10 grams, if overcoated with parylene, are strengthened and
require 2030 grams to pull them to destruction. Coatings can strengthen
other marginal wire bonds. There are some situations, however, where a
coating has been known to stress interconnections due to its thickness and
high expansion coefficient. Some soft silicones, though protecting devices
from moisture, have been known to transfer stresses and break wire bonds
simply through pressure applied to and transferred by the silicone in
aggressivehandling.

Applications subjected to excessive handling, rubbing, or contact
with other objects require coatings that have a high degree of abrasion
resistance. Abrasionresistancemay bedetermined qualitatively by periodic
examination while the coating isin actual use. However, excessive time
would berequired to obtain meaningful datathisway and the resultswould
be more or less qualitative. Fortunately, several accelerated quantitative
methods are available that may be correlated with actual service perfor-
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mance or used to compare the relative abrasion resistances of coatings.
These include projecting a controlled stream of abrasive material, such as
carborundum (silicon carbide) or sand (ASTM D968), against the sample,
useof anabrasivetape, controlled scraping withametal tool until thecoating
is penetrated,!*¥ or the use of rotating abrasive wheels. The last method,
referred to as the Taber abrasion test, has become the industry standard
andisthemost widely used method for testing polymer coatingsand plastics
ingeneral. A description of thistest methodisgivenin Ch. 6. Taber abrasion
resistance values for some polymer coatings are givenin Table 1.6.

Table 1.6. Taber Abrasion Resistance Values for Some Polymer Coatings

Coating Type Taber Wear Index (mg/1000 cydes)
Polyurethane Type 1* 43-155
Polyurethane Type 2* 28-33
Polyurethane Type 5* 60
Alkyd 147
Vinyl 85-106
Amine-catalyzed epoxy varnish 38
Epoxy polyamide 95
Phenolic varnish 91-172
Epoxy-polyester 116-121
Chlorinated rubber 220
* Typesare definedin Ch. 2

1.2.6 Resistance to Friction

With the repeated dliding or insertions that can take place in
electronic drawers, consoles, and other metal or ceramic parts, surfaces
having moderate-to-high coefficients of friction will abrade and wear out
quickly. In such cases, some organic coatings having very low coefficients
of friction are used to facilitate the sliding action and reduce or prevent
abrasion and wear out. The coefficient of friction (CoF) is a non-
dimensional term defined as the ratio of tangential force to a normal load
during adiding process. CoF isameasure of the ease with which two surfaces
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dlideagainst each other or, conversely, theresistancetodiding. Plasticsand
polymer coatings are generally tested against polished steel according to
equipment and methods defined in ASTM D3702 or ASTM D1894.

Among the best |low-CoF materials are the fluorocarbons, notably
Teflon, and the polyamides such as nylon. Because Teflon is inherently
mechanically weak, itisused asafillerinthemoreabrasionresistant, harder
coatings such as epoxies or polyurethanes. Other low-CoF fillers for
coatings include graphite and molybdenum disulfide. Table 1.7 provides
comparative coefficients of friction for some coatings and other materials.
Theseval uesshould beused only asaguidesincevaluesvary depending on
many factors including the surface cleanliness, dryness, and roughness.
Theoretical treatments for both friction and abrasion are given else-
where.[20-21]

Table 1.7. Coefficients of Friction for Typical Coatings and Materials

Material Coefficient of Friction
Polymer Coatings
Epoxy coatings with Teflon filler, air dried 0.15
Polyamide (Nylon) 0.3
Polyethylene 0.6-0.8
Polyimide (Pyre ML) 0.17
PolymethyImethacrylate (acrylic) 0.4-0.5
Polystyrene 0.4-0.5
Polytetrafl uoroethylene (Teflon TFE) 0.02-0.05
Polyvinyl chloride 0.4-0.5
Parylene N 0.25
Parylene C 0.29
Parylene D 0.31-0.33
Polysul fone (against steel) 0.40
Other Materials

Graphite 0.1
Molybdenum disulfide 0.12
Steel 0.74
Aluminum 1117
Diamond 1.0
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1.2.7 Hardness

Besides abrasion and friction, the hardness of a coating isalso a
measure of its wear resistance. A soft coating is more susceptible to
abrasion, scratching, and other mechanical abuse than a hard coating. A
popular method for determining hardnessisthe Svard hardnesstest. This
test is based on the principle that the amplitude of oscillation of arocking
device decreases more rapidly the softer the surface of a coating on which
the test is performed (see Ch. 6). The tester automatically records the
number of swingsmade by astandard rocker in contact with thetest surface
before it comes to a stop. The coating is normally applied to arigid, thin
substrate, such asaluminum. Thetest isreported to be sensitiveto+ 1 or 2
units.!?? Valuesarerelated to theval uefor polished glass, whichistaken as
100. Although the Sward hardnesstest isnondestructive, it often cannot be
used on an actual part because of the limited size and shape of samplesthat
the tester can accommodate.

Notethat hardnessval ues can be used to establish the approximate
degree of cure of acoating, because the coating hardens progressively as
it curesor dries. Hardnessvalueschangerapidly at first, but eventually level
off to a constant value. Thus, Sward hardness measurements are useful in
determining optimum cure schedules (time and temperature) or optimum
catalyst concentrations. Figure 1.3 shows a plot of Sward hardness versus
the percentage of amine catalyst used to cure a polyurethane coating. Itis
evident fromthecurvethat hardnessval ueshave stabilized between oneand
three percent of the catalyst concentration and that a higher percent of
catalyst would provide no further benefit under the time and temperature
conditionsused.[>?]

If the catalyst concentration is kept constant at 0.5 percent for the
sameresin system, the Sward hardness values may be used to establish the
optimum curetime, as shown in Fig. 1.4.12°8l The use of hardness valuesto
establish cure endpoints applies more to slow room-temperature-curing or
air-drying formulations than to the bake or heat curing types. Hardness
valuesarenot sensitiveenoughto detect thesmall changesin curethat occur
on post-baking a coating after it has had an initial high-temperature cure.

A second hardnesstest (ASTM D3363) employsthe use of aseries
of pencils of varying hardnesses to scratch through the coating to the
substrate. The method, called the pencil hardnesstest, isrelatively simple,
but somewhat subjective and also destructive in nature. Numerous other
hardness and scratch tests have been devel oped and occasionally used.[?4
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Figure 1.3. Sward hardness vs catalyst concentration for polyurethane coating.
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1.2.8 Particle Shielding

Although organic coatings are not generally used in hermetically
sealed circuits, some NASA and military programshave required their use
to assure that any particles that remain on the circuit after cleaning or that
may slough off after sealing do not migrate and cause electrical failures.
Under vibration, impact, or accel eration, particlestrapped withinahermetic
seal, especially metallicelectrically conductiveparticles, can causeshorting
between conductor traces. Larger particles such as solder balls, solder
splatter, or pieces of detached ceramic can physicaly damage fragile
components and interconnections. Particles may result from fabrication
processes, such as wire bonding or soldering. They may subsequently be
generated, as from silver-filled epoxy used for die attachment. A particle
immobilizing coating servesto freeze loose particlesin place so that they
cannot subsequently move. This prevents particles that may detach later
from affecting thecircuit. Paryleneand silicones havereceived the greatest
attentionasparticleimmobilizing coatingsbecauseof their high purity, low-
temperatureprocessing, low outgassing, and compati bility with semi conduc-
tor devices. Both materialsare used in high-reliability hybrid microcircuits
and multichip modules (seeaso Ch. 4).

Particle Getters. Plastic resins that cure to atacky state may be
used as alternates to coatings in immobilizing particles. Soft, high-purity
siliconegelsaregenerally used by applying asmall quantity totheinside of
thelid prior to hermetically sealing adeviceor circuit. The effectiveness of
silicone getters has been demonstrated by several companies through
controlled experimentsinwhichknownamountsof metal particlesof various
sizeswere purposely introduced (seeded) onacircuit containing the getter,
thenvibrated, and eval uated for |oose parti clesby the Particlelmpact Noise
Detection (PIND) test, radiographicinspection, and el ectrical testing.[251-26]
Thetypesof particlesused wererepresentative of thosethat might befound
inahybridmicrocircuit package. They included piecesof gold and aluminum
wire, solder balls, and pieces of eutectic alloys. It isimportant to apply the
getter to the center of the lid to avoid contaminating the seal area with
organic “bleed out” from the silicone. Another consideration in using
silicones as getters is the amount of outgassing. As with other organic
materials, the extent of outgassing is a function of the material used, its
degree of cure, and the vacuum bake schedule. Silicone gelsare available
from both General Electric and Dow Corning.
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1.2.9 Radiation Protection

Protection from radiation and resistance to its damage are major
concerns for spacecraft and space probes. The natural space radiation
environment consistsof ioni zing particlesthat causetransi ent or permanent
changesin electronic parametersand in materials. A high concentration of
electrons, protons, and heavy ions occurs in the Van Allen belts through
which spacecraft must pass. Other heavy ions originate outside the solar
system and are generally impervious to shielding. In view of this, both
electrical components and materials must be selected that are “rad-hard”;
that is, they must be selected or designed to be resistant to the expected
radiation dosesand intensities.

Organic coatings aswell as potting compounds or encapsul ants do
littleto protect el ectronicsfrom radiation exposure, and may themselvesbe
degraded. Thus, their vulnerability to radiation damage and decomposition
must beknown. Polymersdiffer intheir susceptibilitiestoradiation damage
based on their molecular structures, degree of cross-linking, formulation
ingredients, and thetypeand duration of theradiation. Asageneral rule, the
more aromatic and the more cross-linked the polymer structure the more
resistant it will be to radiation. Among the most stable polymers are the
polyimides, benzocyclobutenes, and polystyrenes because of their highly
aromatic heterocyclic structures (see Ch. 4). Preventative measures, such
as shielding with various thicknesses of aluminum, can protect both the
coatings and the el ectronics from radiation damage.

1.2.10 Resistance to Solvents and Processing Chemicals

Electronic modules and assemblies are often subjected to cleaning
solutions, organic solvents, chemicals, or greases and lubricants after they
havebeen conformally coated. Thenature of thesematerialsmust beknown
and coatings sel ected that will withstand them or alternate benign solvents
must be used. Silicones, for example, are known to soften, swell, and even
dissolvein halogenated sol vents. Other coatingssuch asacrylicshave been
reported to craze or dissolve when exposed to some organic solvents.
However, thesolubility of someacrylic and silicone coatingsin chlorofluo-
rocarbon solventscanbeabenefitincompletely removing thecoating sothat
printed circuit boards can be reworked. On the other hand, epoxies,
polyimides, and parylenes are among the most solvent- and chemical-
resistant coatings, rendering rework difficult.
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1.2.11 Resistance to Microorganisms

Microorganisms(fungi, molds, and bacteria) arethe cause of many
millions of dollarsof annual economic losses because of material degrada-
tion. Microbial growth can decompose polymers, degrading both their
physical and electrical properties, can induce corrosion of metals and
bimetalliccombinations, and can alter surfacepropertiesof plasticsincreas-
ing roughnessand friction. Theresistance of coatingsto attack by microor-
ganismsis particularly important for el ectronic hardware that is stored or
operatedinhumid, tropical, or semitropical environmentsorincontact with
thesoil. Contact of material swith moist soil providesanideal conditionfor
microbial growth, since it is estimated that one cubic centimeter of soil
contains as many as 50,000 fungi, 500 million bacteria, and 250 million
actinomyciles (filamentous bacteriathat resemblefungi).?”]

Table 1.8. Commonly Used Biocides

Salicylanilide

Brominated salicylanilides

Organotin compounds
Bis(8-quinolinolato)-copper or zinc
Phenylmercuric oleate, -salicylate, stearate or phthalate
Di(phenylmercuric)dodecenylsuccinate
N-(trichloromethylthio) phthalimide
Phenylmercuric-o-benzoic sulfimide
Zinc dimethyldithiocarbamate
2-Mercaptobenzothiazole

Zinc pentachlorophenoxide
Pentachlorophenol

Quaternary ammonium carboxylates
Bis(tri-n-butyltin)-oxide

Sodium or zinc pyridinethione-N oxide
p-Toluenesulfonamide

M ost microorganismsthriveinanenvironment of only 50% el ative
humidity andtemperaturesof 20° to45°C. Some microorganismsmay even
adapt and grow under extreme conditions such as very cold (0° to -10°C)
or very hot (50° to over 100°C) conditions.[2813% Fortunately, most synthetic
polymers are non-nutrients and inherently resistant to microorganisms.
Othersmay berendered non-nutrientsby adding antimicrobial chemicalsto
their formulations. These chemicalseither kill the organisms(fungicidesor
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bactericides) or suppresstheir growth (fungistats or bacteristats). Salicyla-
nilide and bis(8-quinolinolato)-copper are examples of two widely used
biocides. Others, such asthe organotin compound bi s(tri-n-butyltin)-oxide,
havebeenreportedtocontrol awidevariety of bacteria, fungi, algae, andeven
barnacles.*Y Examples of biocides and biostats are listed in Table 1.8.

Because of their fungusresi stant properties, organic coatings have
been used to protect otherwise nutrient substrates. Coatings conforming to
MIL-V-173, afungusresistant varnish, may beused over nutrient materials.
Such protection, however, isonly asgood astheintegrity of theovercoating;
should the coating be scratched, abraded, or in any way detached from the
surface, microbial growth will occur in the exposed areas.[34

Asarule, the newer synthetic coatings, such as epoxies, silicones,
and polyurethanes, are inherently fungus and bacteria resistant. Ether
linkagesinapolymer structure, asin epoxies, tendto reducefungal growth.
Much of thesuccessof epoxy resinsasreplacementsfor naturally occurring
resinsand varni sheshasbeen duetotheir fungus-resistant properties. Some
formulations, however, may not beasresi stant asothersdueto the presence
of plasticizersor other nutrient additives. Someformul ationsmay deteriorate
with age or on exposure to humidity, producing nutrient decomposition
products. Theuseof naturally occurring nutrient material sin synthesizing or
polymerizing the coating does not necessarily render the final coating asa
fungus nutrient material. The important factor is the form in which the
nutrient material existsinthefinal formulation. If itisco-reacted compl etely
with the base resin and becomes an integral part of the polymer structure,
it is unlikely to be a nutrient. A clear example is the use of castor oil (a
vegetable ail) in curing isocyanate resins. The resulting polyurethane
polymersare generally fungusinert because the castor oil becomes chemi-
cally bound and integrated inthefinal molecular structure. However, if the
nutrient is unreacted or if an excess amount has been used so that there
remains some unreacted amount in the final polymer, then the coating will
support microbial growth. Knowledge of the composition and chemistry of
acoatingformulationis, therefore, helpful in predictingitsfungusresistant
properties.

Plasticizers are probably the greatest source of fungal or bacterial
growth. Onthe basis of availableinformation, nutrient plasticizersinclude
thediestersof saturated ali phatic dibasi c acidscontaining 12 or morecarbon
atoms. Other nutrient plasticizers are di-n-hexyladipate, di-2-ethyl-
hexylazel ate, epoxidized soybeanoil, triethyleneglycol, derivativesof soy-
bean or tall oil fatty acids, methyl acetylricinoleate, dioctylsebacate, and
tetrahydrofurfuryloleate. However, the maleates are somewhat fungus
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resistant, asarethealkyl derivativesof phosphoricand phthalicacids. It has
been observed that under suitable environmental conditionsthe enzymatic
action of microorganismsconvertsthe plasticizersin vinyl resinsto water-
soluble salts that can then be easily extracted. Stiffening, weight loss, and
dimensional changesmay follow. Air and water entering thetunnel sleft by
extraction cause further erosion. This process continues until the tunnels
penetrate the entire material and destroy its physical integrity. Further, the
electrolytic solutionsthat may collectinthecrevicesandtunnel sdegradethe
€l ectrical insulation propertiesof thecoating. Stainsand odorsal so develop
fromthewaste productsof microbial growth. Attention hasfocused mainly
ontheeffectsof fungi onvinyl polymers. Polyvinyl chlorides, polyolefins, and
polyesters are inherently resistant to fungus attack, but some of the
formulationadditiveingredientssuch asplasticizers, fillers, pigments, stabi-
lizers, and processing aids, support mildew formation and other microbial
growth. Surface greases and other contaminants also can act as nutrients
for microorganisms, including bacteria such as pseudomonas, salmonella,
and bacillus.

Considerable work has been performed on the effects of microor-
ganisms on plastics and numerous ASTM and military test proceduresare
available(see Ch. 7 under Specifications). One method for determining the
microbial resistanceinvolvescoatingasteel panel, exposingittohumidity or
other environmental conditions, then placing the panel in a petri dish
containing a nutrient and inoculating it with the microbes. A microbe-
resistant coating will prevent the growth of the sporesonitssurface. A list
of acceptable and preferred materials taken from Guideline 4 of MIL-
HDBK-454 isgiveninTable 1.9.

1.3 SPECIAL METAL PROTECTION

Certain metals and aloys such as magnesium, tin-lead solder,
aluminum, and magnesium-lithiumalloy require special pretreatmentsand
primer coatings to provide adequate protection from corrosive environ-
ments. Effective and established pretreatments consist of anodize, chemi-
cal conversion coatings, or primers prior to topcoating with an organic
coating. The pretreatments and primers provide enhanced adhesion and
performance of thetop coating. In some benign environments, the pretreat-
ment alone may provide sufficient protection.
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Table 1.9. Susceptibility of Materials to Fungi (MIL-HDBK-454)

Group | - Fungusinert Materials
(Fungus-inertin al modified states
and grades)

Group Il - Fungus Nutrient Materials
(May requiretreatment to attain fungus
resistance)

Acrylics

ABS (acrylonitrile-butadiene-styrene)

Acrylonitrile-styrene

Acetal resins

Acrylonitrile-vinyl -chloride copolymer

Cellulose acetae

Asbestos

Cellulose acetae butyrate

Ceramics

Epoxy-glass fiber laminates

Chlorinated polyester

Epoxy resins

Fluorinated ethylenepropylene
copolymer (FEP)

Lubricants

Glass Melamine-formaldehyde
Metals Organic polysulfides
Mica Phenol-formal dehyde

Plastic laminates:
Silicone-glass fiber
Phenolic-nylon fiber

Polydichlorostyrene

Diallyl phthalate

Polyethylene, low and medium density
(0.940 and below)

Polyacrylonitrile

Polymethylmethacrylate

Polyamide” Polyurethane (the ester types are
particularly susceptible)
Polycarbonate Polyricinoleates

Polyester-glass fiber laminates

Polyvinyl chloride

Polyethylene, high density (above
0.940)

Polyvinyl chloride-acetate

Polyethylene terephthalate Polyvinyl fluoride

Polyimide Rubbers, natural and synthetic
Polymonochlorotrifluoroethylene Urea-formaldehyde
Polypropylene

Polystyrene

Polysulfone

Polytetrafluoroethylene

Polyvinylidene chloride

Silicone resin

Siloxane-polyolefin polymer

Siloxane polystyrene

Group I.

* Literature shows that under certain conditions polyamides may be attacked by
selective microorganisms. However, for military applications, they are considered
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1.3.1 Magnesium

Because of itshigh strength-to-weight ratio, good fatigue strength,
and dimensional stability, magnesiumiswidely usedfor electronicapplica-
tions, especially those intended for flight and space hardware. Heat sinks,
housings, coolant tubes, and frames are a few examples of the use of
magnesium. In abenign ambient such as indoor exposure, in acontrolled
environment such asaclean room, or in an enclosure sealed with inert gas,
aprotectivefinishfor magnesiumisnot normally required. Evenfor normal
weathering or short-term outdoor exposure, an electrochemical conversion
coating alone or asingle coating of a clear lacquer may provide sufficient
protection.

However for military uses, magnesium is usually treated with a
chromate conversion coating or an anodize finish prior to applying an
organic finish. Some commonly used anodizing treatments are galvanic
anodize (Dow 9 and Dow 17), fluoride anodizing plus post-treatment
(usually dichromate), and stannate immersion (Dow 23).[33]

Other chemical treatments that are useful as protective coatings,
either alone or as bases for primers and topcoats, include Dow 1 (chrome
pickle), Dow 19 (dilute chromic acid), and Dow 21 (ferric nitrate bright
pickle).[34

The treatments most widely used for electronic hardware are:

» Dow 17, anexcellent paint basefor long-term exposureto

humid and salt environments

» Dow 9, usedfor optical and el ectronic componentswhere

non-reflective coatings are required or as a paint base

» Dow 19, applied asatouch-up by brush, spray, or swabfor
rework on Dow 9 or Dow 17 surfaces

The various treatments are compared in Table 1.10.

These surfacetreatmentsare all acid typesthat either neutralize or
acidify thenormally alkaline magnesium surface. Neutralizing theinherent
alkalinity of magnesiumisessential toimproving adhesionand durability of
subsequently applied paints and coatings. To be effective, primers for
magnesi um should be based on alkali-resistant vehicles such as polyvinyl
butyral (contained inwash primers), acrylic, polyurethane, vinyl epoxy, or
baked phenolic. Zinc chromate or titanium dioxide pigments are often
employed asfurther corrosioninhibitors.34 Becauseof their low sol ubilities,
strontium chromate and basic zinc chromates are reported to provide
sufficient corrosioninhibitiontogether with longer servicelife.l3®
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For severeor extensiveexposure, asmight beencounteredinground
or marine equipment, a durabl e finish system may consist of aconversion
coating, aprimer, and an organictopcoat. Vinyl, acrylic, epoxy, or polyure-
thane topcoats have been proven to give excellent protection. Another
example consists of a Dow treatment, an epoxy primer, and an epoxy-
polyamidetopcoat suchasMIL-M-45202 surfacetreatment, M| L-P-23377
epoxy primer, and MI1L-C-27251 epoxy topcoat.

1.3.2 Tin-Lead Solder

For maximum protection of solder joi ntsand sol der-plated surfaces,
conformal coatings should be used. Aswith other metals, corrosion can be
prevented or minimized by following certaindesignguidelines. For example,
bimetallic combinations of tin-lead solder with either copper or aluminum
should beavoidedinhighhumidity or salt water environments. Coating such
bimetallic combinationsprovidesonly temporary protection unlessthetwo
dissimilar metals are isolated from each other. Primer-coating combina
tions, anodize, conversion coatings, and even tapes can be used to isolate
the bimetallic members. Other difficulties associated with the corrosion
protection of solder joints or solder plating are caused by the incomplete
removal of corrosive fluxes during cleaning. Conformal coatings will not
provide protection unless these contaminants are completely removed.
Some cleaning procedures for flux residues are discussed in Ch. 3 under
Manufacturing Technology.

Thecurrentintenseindustry research effortsto eliminatelead from
solders by substituting other metalsdoesnot aleviatetherisk of corrosion.
Thisis because the potential substitute metals are also prone to corrosion
unlessproperly protected.3!

1.3.3 Aluminum

Likemagnesium, aluminumiswidely usedin el ectronicsbecauseof
its high strength-to-weight ratio, high thermal conductivity, and current
carrying properties. Althoughlesssusceptibleto corrosionthan magnesium,
ittoomust beprotected. Thisregardlessof thefact that thenormal oxidefilm
that forms on its surface upon exposure to air is highly protective and
preventsfurther deterioration of thebulk of themetal . Several oxidecoatings
(anodize) may be purposely formed as surface protectivetreatmentsand to



Table 1.10. Dow Finish Treatments for Magnesium and Magnesium Alloys

decorative finish

Name/Type MIL spec AMS spec Appearance Uses Comments
MIL-M- Matte arav to Protection during | Simple dip process, dight
Dow 1/Chrome pickle 3171 2475 elIov%—%d shipment and dimensional loss, good base
Typel y storage for paint
MIL-M- Good combination _
Dow 7/Dichromate 3171 2475 Brassto dark of pai n_t base and D_oes npt materialy affect
Type3 brown protective dimensions
qualities
MIL-M- On dloysthat will | Requires galvanic couple
Dow 9/Galvanic 3171 2475 Dark brownto | not takeDow 7 or | between the part and steel
anodize Tvoe 4 black whereablack coat | cathode, no external current
yp is needed required
Thin 0.1 to 0.3 mil, coating
MIL-M- Light gray to Excellent S?nﬁﬁaggxgilgr? oI
Dow 17/Anodizethin 2478; 2479 . protective and : ! :
45202 light green A, resistance, best paint base,
decorétive finish !
most consistent of all Dow
treatments for magnesium
Excellent .
. . MIL-M- ) ; Same as Dow 17 thin except
Dow 17/Anodize thick 45202 2478; 2479 Dark green protective and 1 to 1.5 mils thick

(cont'd.)




Table 1.10. (cont’d.)

Name/Type MIL spec AMS spec Appearance Uses Comments
Touch up .
. MIL-M- i Lesscritica than Dow 1 by
Ehc;\é)vnﬁ/ zalilgte 3171 2475 Brassto brown tr;ﬁfgé \l;vieéinas brushing, solution not
Type 6 P harmful if trapped injoints

refinishing

Dow 23/Stannate
immersion

Medium to dark
gray

Good paint base
and protective
finish; used with
dissimilar metd
inserts (except A1
or in assemblies)

Must be neutralized if
painted, retards galvanic
corrosion
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improve the adhesion of subsequently applied organic coatings (MIL-A-
8625). Primers such as wash primer, phenolic, and epoxy are useful in
serving as a bridge between the anodized surface and the topcoat. Aswith
magnesi um, epoxy primersand epoxy or acrylictopcoatsoffer outstanding
long-term corrosion protection.

1.3.4 Magnesium-Lithium Alloys

Magnesium-lithium alloys are attractive to designers of airborne
electroni c equi pment because of their stiffnessand high strength-to-weight
ratios. They afford a 20 to 25% weight savings over magnesium alone or
other magnesiumalloys. However, thehighreactivity of magnesium-lithium
with moisture and carbon dioxide limits its use to hermetically-sealed
enclosures containing dry inert gas. Even in an enclosed sealed box, an
incompatiblesituation can arisewhen moistureevol vesfrom plasticor from
other components within the enclosure. Moisture reacts with the lithium
portion of the alloy, forming hydrogen gas and lithium hydroxide. In the
presence of carbon dioxide, white lithium carbonate powder forms on the
surface of the alloy. These corrosive products result in the deterioration of
thealloy. Additionally, an even moreharmful secondary effect resultsfrom
thereaction of theevol ved hydrogen gaswith somedevices, especially with
some chemically sensitive metal-oxide thick-film resistors. Hydrogen re-
duction of theoxidesto metal in early resistor formulationsresultedinwide
changes and instabilitiesin resistance values.

Although several coatings are claimed to protect magnesium-
lithiuminnormal environments, no organi c coating and/or primer combina-
tion is known to provide sufficient protection to pass military accelerated
humidity/temperature and salt spray tests.

1.3.5 Wash Primers

Wash primersimprove the adhesion of subsequently applied coat-
ingsand provideeffectivecorrosion protectionfor metal ssuchasa uminum,
magnesium, steel, zinc, andtin. They may be used alone or, where superior
protection against salt spray and moistureisrequired, in conjunctionwitha
topcoat such as epoxy, vinyl, or alkyd. In some cases, athree-step process,
wash primer, primer, and topcoat is used. A wash primer-epoxy topcoat
system was shown to protect either magnesium or aluminum for over 800
hours of salt spray exposure performed according to MIL-STD-881. Over
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2000 hours of salt spray exposure, without deterioration, was reported for
avinyl (VAGH) coating applied over either a wash primer or a red-lead
primer.

Wash primersconsist of rust-inhibiting pigments, chiefly basiczinc
chromate or lead chromatein an alcohol solution of polyvinyl butyral resin
asonepart of atwo-part system.[3”) The second part consists of phosphoric
acid-water-isopropy! alcohol solution. The first part is acidified with the
second occurring just prior to use. This primer iscommonly referred to as
WP-1[33 and its precise composition isgivenin Table 1.11.

Wash primers are applied in thicknesses of 0.3 to 0.5 mil by
spraying, brushing, or swabbing. They may be purchased from paint
manufacturersby specifyingmilitary specificationssuchasMIL-C-8514 or
commercial specifications.

Because of the chromate constituent of wash primers and the high
VOC (Volatile Organic Compounds) of the solvents used, studies arein
progresstofind alternate environmentally benign treatments. For example,
the Army hasfound that abrasiveblasting of steel can beused asasubstitute
for wash primers. However, abrasive blasting is not suitable for most
electronic hardware.

Table 1.11. Composition of Wash Primer WP-1

Ingredients Per cent by Weight
Pigment Base
Polyvinyl butyral resin 9.2
Basic zinc chromate 8.8
Magnesium silicate 13
Lampblack 0.1
n-Buty! acohol 20.5
Isopropy| acohol 57.7
Water 24
Total 100
Acid Diluent
85% Phosphoric acid 185
Water (maximum) 16.5
Isopropy| alcohol 65.0
Total 100
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1.3.6 Other Primers

Other types of primers are also employed to improve adhesion of
topcoats and provide better corrosion resistance for metals. The perfor-
mance of vinyl coatings, for instance, is greatly improved by priming the
metal surfaces. Primers may consist of other specially formulated vinyls,
phenolics, epoxies, or butadieneacrylonitriles.[58!

Epoxy primers are very effective in improving the adhesion of
polyurethanes. In protecting either aluminum or steel, an epoxy primer
followed by two topcoats of a moisture-curing polyurethane resulted in
panels that passed 800 hours of 20% salt spray exposure when tested
according to ASTM B117.13% Epoxy primers may consist of the normal
coating formulationsthat havebeenthinned further and sprayed onvery thin
(flash primers) or of coatingsformulated to contain many ingredients, such
astheformulain Table 1.12.

Table 1.12. Primer Formulation MP

Ingredient Amount, pbw
Red iron oxide (R.K. Williams R-4800) 7.5
Basic lead silicochromate (National Lead M-50) 23.6
Talc (Whitaker, Clark & DanielsNo. 399 7.8
Lecithin (soya 50% in xylene) 0.4
Epoxy (Shell Epon 1004) 155
Cellosolve acetate:toluene:xylene (2:1:1) 39.2
Mondur CB-75 (Bayer Corp.) 33

1.4 ELECTRICAL FUNCTIONS

Coatingsmay beelectrically insulative, el ectrically conductive, or
semiconductivedepending ontheir molecular structuresand theingredients
with which they are formulated. One of the most important functions is
providing el ectrical insul ation and diel ectricisolationfor activeand passive
devices. Theeffectivenessof acoating isexpressedintermsof itsinsul ation
resistance: volume resistivity, surface resistivity, and dielectric strength.
Other electrical functionsinclude storage of electrical current expressed as
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capacitance and conductance of current expressed intermsof conductance,
dielectric constant, and dissipation factor. Knowledge of exact electrical
values and how these are affected by composition, purity, structure, and
environment isimportantin selectingthemost reliabl ecoatingsfor aspecific
application. Inthefollowing sections, these el ectrical parametersand their
dependenceontemperature, humidity, frequency, and other variableswill be
discussed. More theoretical discussions of electrical parameters may be
foundintheliterature, [101140]

1.4.1 Resistance and Resistivity

Insulation resistance (IR) is the ochmic relationship of the ratio of
applied voltageto the total current between two electrodes in contact with
aspecificmaterial. Insulationresistanceisdirectly proportional tothelength
and inversely proportional to the area of the specimen asfollows:

Eq. (1.2) IR=pl/A

where IR = insulationresistance, ohms
I length, cm
A = area, cm?

p = aproportionality constant called the specific resistance or
resistivity,ohm-cm.

Itisconvenient to compare materialsinterms of their resistivities,
because these values reduce resistance measurements to a common
denominator. For example, the frequently used volume resistivity is the
ohmicresistanceof acubeof bulk diel ectric material onecentimeter per side
expressed as ohm-cm. Surface resistivity is the resistance between two
electrodes on the surface of an insulating material expressed in ohms per
square unit. ASTM D257 describes the test method for measuring dc
resistance of insulating materials.

Materialsmay be classified according to their ability to conduct or
impedetheflow of electrons. They rangefrom extremely good conductors
such as metals to very good insulators such as plastics and ceramics.
Material s between these two extremes are referred to as semiconductors,
but this does not mean that they have properties suitable for semiconductor
devices. Only afew select inorganic materials such as doped silicon and
gallium arsenide are useful in fabricating semiconductor devices. Organic
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semiconductorshave, asyet, not been useful in fabricating such devices. It
isdifficult to characterizeamaterial ascompletely insul ating or completely
conducting sinceall material sareconductiveto somedegree, butingeneral,
material smay beclassified accordingtotheir volumeresistivitiesasfollows
inTable1.13.

Table 1.13. Classification of Materials by Volume Resistivities

Materials Resistivities
Good conductors 10° to 10° ohm-cm
Semiconductors 10°to 108 ohm-cm
Good insulators 10%t0>10" ohm-cm

Organiccoatingsaregenerally good el ectrical insulatorsand widely
used in electronic equipment. Although their resistivities are high, even a
small current flow can becritical in someel ectronic assemblies. Therefore,
aknowledge of the electrical tolerancesthat acircuit or device must meet
isimportant in selecting a coating. Volume resistivities of some familiar
materialsarecomparedinFig. 1.5. Notethelargedifference (upto 24 orders
of magnitude) betweenthemost conductive materialssuch ascopper andsilver
and the | east conductive such as polytetrafluoroethylene and polystyrene.

Insulation resistance should not be considered the equivalent of
dielectric breakdown voltage. Although clean dry coatings may have very
high insulation resistances, they may have poor dielectric breakdown
voltages because of voids, pinholes, or other coating imperfections.

Variables Affecting Resistivity. Resistivity is a constant, a
characteristic of a material, provided the material does not change in
composition and is maintained free of contaminants such as moisture and
ions. Changesin formulation or chemical composition can producesignifi-
cant resistivity changes. For example, blending a flexible resin such as
polyamide with an epoxy resin degrades the initial excellent electrical
properties of the epoxy when the amount of polyamide exceeds 30%, as
showninFig. 1.6. It may beassumed that degradation of el ectrical properties
occurs after the stoi chiometric amount of polyamide is exceeded.

Resistivity al sodependsonthedegreeof cureor extent of polymer-
ization. Asthe cure progresses, resistivity increases and stabilizesuntil the
cure is complete. Resistivity can thus be used to establish optimum cure
conditions(Fig. 1.7).
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1018 4 — Polytetrafluoroethylene (Teflon)
Y 4 — Polystyrene
1016
— Polyethylene, Polypropylene
1015 4 — Beryllia
101* 4 — Diamond (pure)
101% 4 — Nickel Oxide (pure), Polyamides, Alumina
1012 4 — Phthalocyanine (pure)
1011 4 — Aluminum Nitride
1010 4 — Glass
10° 4 — Phthalocyanine (doped), Silicon Nitride
g 108 4 — Silver Bromide
(54
£ 107 -
=
© 106 .
Z 5
2 10° 1 — silicon (pure)
(23
= 104 ~
& 103 - — Silicon Carbide
102 -+ . . .
1 — Germanium (pure), Gallium Arsenide
100 1 — lodine Perylene
1 - — Germanium (doped, transistor grade)
10t
102 4 Quinolinium Salt (Tetracyanoquinodimethane)
10° 4 — Germanium (doped, tunnel-diode grade)
-4
0% 4 — Bismuth, Mercury, Graphite
10 1 _ Nickel
10-¢ 4 — silver, Copper
1077

Figure 1.5. Comparative electrical resistivities of materials.

Besidestheeffectsof grosschangesin composition, minor amounts
of impuritiessuchasmetal ionsalsoaffect resistivity values. lonicimpurities
inlow parts per million, especially when coupled with moisture, can lower
resistivity values as much as 6 to 11 orders of magnitude.
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Figure 1.6. Variation of resistivity with change in epoxy-polyamide ratios.

Variation of resistivity withtemperatureisal soimportant. Plastics,
likeinorganic semiconductors, but unlikemetal s, possessnegativetempera-
ture coefficients of resistivity. Large decreases in values can occur at
elevated temperatures. Hence, a coating that is an adequate insulator at
room temperature may be completely unsatisfactory when the electronics
are operating at higher temperatures. Examples of temperature-resistivity
curvesfor some polymer coating typesaregivenin Fig. 1.8. The tempera-
ture dependence of resistivity isgiven by the equation:
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Eq. (1.3)

_E, /KT

p=pe

where p = resistivity at temperature T
p,= aconstant
K = Boltzmann’' sconstant
E,= activationenergy
T = absolutetemperature (Kelvin)

Finally, volume and surface resistivities are also dependent on
frequency, voltage, pressure, light (photoconductivity of some organic
crystalsand polymers), and the conditioning of the sample.

1015

1014 |

1013 -

at 30°C
1012 -

at 50°C
10"

1010 -

Volume Resistivity, ohm-cm

10° |

1 ] ] ] L L
30 60 90 120 150 180 210

Time, min

Figure 1.7. Isothermal polymerization of an amine-cured epoxy as a function of
volume resistivity.[41]
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-Polyxylylene
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12 (silicone)

10 "

Polyvinyl
chloride

1oL
Semirigid epoxy

1010

] | |
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10°
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Figure 1.8. Electrical resistivity-temperature curves of polymer coating types.

Surface Resistivity. Moisture and contaminants have a more
pronounced effect on surfaceresistivity thanonvolumeresistivity. Whereas
it may take several daysor weeksfor volumeresistivity to changein humid
or contaminating environments, surface effects are almost immediately
discernible. Drastic reductionsin surface resistivities occur through small
amounts of ionic contaminants even for coatings that have high initial
values.*? For example, reductionsof 4to 11 ordersof magnitudein surface
resistivitieshavebeenreportedfor polymerssuchaspol ymethyl methacrylate
and polyethylene that had been contaminated with fingerprints and subse-
quently exposed to 96% relative humidity (Table 1.14).
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Table 1.14. Effects of Contaminants on Surface Resistivity!?

Surface Resistivity, ohms/square

Material
At 50% Humidity | At 96% Humidity

Polyethylene

Asreceived >10" 2.4x10°

Contaminated with fingerprints 4.6 % 107

Freshly shaved surface 2.2x 10"
Polystyrene

Asreceived ~10% 1.8x 10"

Contaminated with fingerprints 5.5 x 10°

Polymethylmethacrylate

Asreceived ~10%8 2.0x 10"
Contaminated with fingerprints 1.2 x 1022
Silica glass, clean 10 5.0 x 10°

Buchoff and Botjer*¥ studied theeffectsof humidity onthesurface
resistivity of epoxies cured with various hardeners. As shown in Fig. 1.9
surfacereisistivity asafunction of relative humidity washighly dependent
on the hardener used. Epoxies cured with aromatic amines were found to
bestableat higher rel ative humiditiesthan those cured with aliphatic amines
or anhydrides. However, it should be noted that in the anhydride-cured
sampleresistivity leveled off toavalueof 1 x 1012 ohms/square, avaluestill
considered adequate for most el ectronic applications. Furthermore, unless
there has been an irreversible hydrolytic degradation of the polymer,
resistivitiesrecover after removal fromthehumid environment. Inthat case
as well, the aromatic amine-cured epoxies displayed the fastest rates of
recovery. (Fig. 1.10)

1.4.2 Conductance and Conductivity

The reciprocal of resistance is conductance, expressed in units of
ohm-1 or mhos, and thereciprocal of resistivity isthe specific conductance
or conductivity, expressed as onm-t-cm ! or mhos per centimeter. Electri-
cally conductive and semiconductive coatings serve anumber of functions
in electronics such as screen-printed polymer thick-film (PTF) conductors
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andresistors, organo-metallic compositionsfor thin-film conductors, coat-
ings for radio frequency interference (RFI), and electrostatic dissipation
coatings.
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Figure 1.9. Effect of humidity on surface resistivity of epoxy resins cured with
different hardeners at 35°C: (a) epoxy resin cured with methyl nadic anhydride,
(b) epoxy resin cured with diethylenetriamine, (c) epoxy resin cured with aromatic
amine, and (d) Novolac-epoxy resin cured with aromatic amine.[?]
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Figure 1.10. Recovery of surface resistivity for cured epoxy resins at 25°C after
80% humidity: (a) epoxy cured with aromatic amine, (b) epoxy cured with methyl
nadic anhydride, and (c) epoxy cured with diethylenetriamine.[43!
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Table 1.15. Comparison of Conductive Fillers

Filler Advantages Limitations
High cost, silver migration can occur
Silver Very high conductivity under certain conditions, tarnishes
and corrodes if not protected
Very high conductivity, . .
Gold inert and stable Higher cost than silver
Require extrastepsfor cleaning to
Copper High conductivity, low cost | remove oxides, conductivity
decreases with age
Aluminum High conductivity, low Can oxidize, shielding decreases at
cost, good EM1 shielding higher frequencies
Low cost, good EMI
Steel shielding at low volume Low conductivity
percent
Graphite or Low cost, good EMI and Low conductivity, shielding
Carbon Black | ESD shielding decreases with rising frequencies

M etal-filled Polymers. The most practical method for rendering
polymer material sconductiveistofill themwithmetal particles. Silver, gold,
aluminum, copper, nickel, and carbon/graphite fillers are the most widely
usedfillers. Epoxies, silicones, acrylics, and polyurethanesaretypical resin
binders. A list of conductivefillersandtheir attributesisgivenin Table1.15.
Compositionsare commercially available or may beformulated in arange
of viscosities from thick pastes to sprayable liquids.

Conductivity valuesvary widely depending on the conductivity of
thefiller chosen, the technique used for cleaning and processing the filler
particles, the percentage (loading) of the filler, and the degree of cure.
Except for thenoblemetal s(gold, platinum), meti cul ouscleaning of themetal
particlesisnecessary to remove high-resistance surface oxidelayers. Even
after cleaning, metal oxides may slowly form again, and over long periods
or under accelerated conditions, the conductivity will decrease.

Theelectrical conductivity of metal-filled plasticsisafunctionof the
extent to which the metal particles contact each other; the higher thefiller
content thegreater the probability for metal-to-metal contact and the higher
the conductivity. Thereisalimit, however, on the amount of filler that can
beblended into aresinwithout affecting itsflow propertiesanditsability to
be dispensed. Filler concentrations greater than 80% by weight generally
render the material impractical for use.
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Finally, thedegreeof cureof theresin binder al so aff ectsconductiv-
ity. Ingeneral, higher valuesare obtained with the heat curing formulations
than with room-temperature or low temperature curing types(Table 1.16).
For high conductivity, silver or gold-filled resins are used; and, with an
optimum formulation and cureschedul e, conductivity valuesof theorder of
10“to 10°° ohm-cm are achieved.

Table 1.16. Conductivity Variations of Metal-filled Epoxies

Conductivity (mhos/cm)
Cor?;;ﬁ)ns l\?é}haé Humidity 200% Salt
Cycling Spray
Siver-filled 6 hr at 180°C 3,000 1,250 1,400
€poxy
Silver-filled 36 hr at room 100 700
€poxy temperature
Gold-filled epoxy | 6 hrat 50°C 200-700

I nher ently ConductivePolymer s.Ingeneral, polymeric materials
are good insulators. However, some have been synthesized and others
formul ated that i nherently have semi conductiveand even conductive prop-
erties. The main attractions of conductive polymers over conventional
metals are their ease of processing, low cost, light weight, and robustness.
Although the potential for inherently conductive polymersand coatingsis
quitelarge, actual introductionsto commercial practicehavebeenminimal.
Applicationsthat havebeen studied or envisionedincludeanti stati c coatings,
flexibleflat-panel displaysfor TV and computers, semiconductor devices,
capacitors, biosensors and chemical sensors, batteries, and antiradiation
coatings!*4

Inherently conductive polymershave been synthesi zed by doping,
with either an electron donor or an electron acceptor available, linear
conjugated polymers that have electrons in easily excited valence bands.
Although considerabl eresearch hasbeen conducted, the conduction mecha-
nisminorganic materialsisstill not clear or well defined. Many electrically
semiconductive or conductive polymers lack the thermal or mechanical
stabilitiesto render them useful in electronic applications. Some polymers
that have been extensively studied are: polyacetylene, polypyrrole,
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polyphenylene sulfide, polyparaphenylene, polythiophene, and
polyaniline.[45-47]

1.4.3 Capacitance

The capacitance of acoating and itscontribution to the total capaci-
tanceof acircuitiscritical for high-frequency, high-speeddigital circuits. High
capacitanceresultsin delaysin switching times and changesin component
values. Present computer operationsarelimited by thecoupling capacitance
between circuit paths and integrated circuits on multilayer boards. The
computing speed betweenintegrated circuitsisreduced by high capacitance
and the power required to operate them is increased.

For high-speed, high-frequency circuits, it is critical to select
materialsthat contribute little capacitance. Reductionsin parasitic capaci-
tances may be achieved in several ways through both the selection of
materials and design of the circuit geometries. Capacitance (C) isdirectly
proportional to the dielectric constant (€) of the insulator separating the
conductors, directly proportional to the area (A) between the conductors,
andinversely proportional tothedistance betweentheconductors(d). Thus:

Eq. (1.4) C=¢Ald

Hence, capacitance can be minimized by using an insulator having alow
dielectric constant and designing the circuit so that the conductor areais
small and theinsulator isthick.

1.4.4 Dielectric Constant

If the space between the plates of aparallel-plate capacitor isfilled
with adielectric material, the capacitancewill beincreased by afactor that
isaconstant for that material. Thisconstant eisreferred to asthedielectric
constant or permittivity and is represented by the equation:

Eq. (1.5) C,=¢&C,ore=C,/C,

where C,, is the capacitance of the dielectric material and C, is the
capacitance of a vacuum. The dielectric constant of a material may,
therefore, be defined as: theratio of the parallel electrical capacitancewith
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the material between the platesto the capacitance when avacuum separates
the plates. Because dielectric material affects the force with which two
oppositely charged platesattract each other, thediel ectric constant may also
be defined as the relative effect of the medium on this force of attraction,
accordingto Coulomb’ sequation:

Eqg. (1.6) F=QQ/ed?
where F = force of attraction between the two plates
Q = chargeon one plate
Q" = charge on the second plate
e = dielectricconstant
d = distance between plates

Thus, the higher the dielectric constant of the material between the plates,
the more attenuated will be the force of attraction between the plates. The
dielectric constant of vacuumis 1. Of air, itisslightly above 1, whichfor all
practical purposes is also taken as 1. This simplifies the measurement
somewhat. Details of sample preparation, test methods, and equipment for
measuring dielectric constants are givenin ASTM D150.

Thedielectric constantsof gasesareonly slightly greater than 1, but
values up to 100 are common for many organic compounds, especially the
highly polar types. Values of up to 1000 are known for some inorganic
materials, such asbariumtitanate. Thediel ectric constantsof material sarise
fromtheir electronic polarization abilities. Materialswith polar groups are
those having permanent dipole moments, such asthe keto group (C=0) or
carboxy! group (-O—C=0). They havelargediel ectric constants because of
the orientation of the dipolesin an applied fiel d.l*€1149 Polar polymersalso
tend to absorb moisture from the atmosphere, which further increasestheir
dielectric constants and degradestheir electrical insulation properties. Itis
for thesereasonsthat non-polar polymerssuch aspolyethylene, polystyrene,
and fluorocarbons have better insulation properties than the highly polar
polymers such as polyamides, alkyds, urea-formal dehydes, and some ep-
OoXies.

Dielectricconstantsfor insulating or protectivecoatingsrangefrom
2t08. Preferred el ectrical insulating coatings have low diel ectric constants
and low dissipation factors, and retain theselow valuesover widetempera-
ture, humidity, and frequency ranges. Those combining high dielectric
constants and low dissipation factors are useful as capacitors. Dielectric
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constants of 4.5 maximum at 1000 Hz and 25°C are normally considered
satisfactory asinsulating materialsfor electronic assemblies. Thesearethe
minimum requirementsspecifiedinMIL-1-16923. However, asmentioned
earlier, for microelectroniccircuitry operating at high frequenciesand speed,
capacitance effects must be minimized. Materials having low dielectric
constants, preferably below 2.0, aredesirable. Unfortunately, therearefew
known material swith dielectric constantsbel ow 2. Experimental workisin
progress to synthesize dielectrics with controlled, built-in, air-filled pores
(nanoporous dielectrics) to reduce the already low dielectric constants of
materialssuch assilicondioxide, silicones, and fluorocarbons.!*”!

The dielectric constant of a polymer coating may increase or
decrease depending on variations in its composition. For example, the
addition of ceramic fillers that have fairly high dielectric constants will
increase € values. Theblending of resinshaving highe withthosehavinglow
ewillincreasethe ¢ of thelower ¢ resinin proportiontotheamount and type
of resinadded. A typical curvefor blending of thehigh-¢ polysulfidewitha
low-gepoxyisgiveninFig. 1.11.154

(3.5)

Dielectric Constant at 10° Hz

1:0 2:1 1:1 1:2 1:3 0:1
Ratio of Epoxy to Polysulfide

Figure 1.11. Variation of dielectric constant of epoxy-polysulfide blends.[51
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If experimental dataarenot available, arough approximation of the
dielectric constant of a composite may be calculated by the following
equation.>?

Eq. (1.7) loge, =v,loge, +v,loge,

where g, = dielectric constant of the composite

v, = volumefraction of the first component

g = dielectric constant of the first component
v, = volume fraction of the second component

dielectric constant of the second component

&

1.4.5 Dissipation Factor and Power Factor

The dissipation factor (D) is the ratio of the resistive (l0ss)
component of current |, tothecapacitivecomponent of current 1.andequals
the tangent of the dielectric loss angle 6 asfollows:

Eqg. (1.8) D=1/l ,=tand

The power factor (PF) isaratio of power dissipated to the current (volts
timesamperes) andisameasureof thediel ectriclossintheinsulation acting
as acapacitor. It isrelated to dissipation factor by the equation:

PF

D=——MM
1-(PF)?

Eqg. (1.9)

Because values for dielectric materials are low, dissipation factors are
essentially equal to power factors and these terms are often used inter-
changeably. Military specificationssuchasMIL-1-16923 call for dissipation
factors not to exceed 0.020 at 1 kHz and 25°C.

The loss factor is the product of the power factor and dielectric
constant and is ameasure of signal absorption according to the equation:

Eq. (1.10) Loss Factor = Wattsloss = € tan 6 = €D



Chapter 1 - Functions and Requirements 47

Low valuesaredesirablefor all theseparameters, especially for high-speed,
high-frequency circuitsoperatinginthegigahertzrange. A low valueindicates
low conversion of electrical energy to heat energy and reduced power |oss
for the network. The dissipation factor, as well as other electrical param-
eters, dependson frequency, temperature, humidity, and purityof the sample.

1.4.6 Variation of Dielectric Constant and Dissipation
Factor with Temperature

In general, at constant frequency, both the dielectric constant and
the dissipation factor of an insul ating coating will increase with increasing
temperature. Because coating formulations are not homogeneous, and
becausethey contain constituentsthat becomevolatileor changeon heating,
electrical values may be quite erratic. No simple linear relationship with
temperature exists. Figures 1.12 and 1.13 show the variations of dielectric
constant and dissi pation factor with temperaturefor an epoxy coating cured
with an anhydride-castor oil adduct. The temperature was allowed to
stabilizefor about 25 minutes prior to taking the measurements. Therefore,
part of the change attributed to temperature may have been dueto further
curing of the polymer at each temperature step.

1.4.7 Variation of Dielectric Constant and Dissipation
Factor with Degree of Cure

Therateof changeof diel ectric constant and dissipation factor with
increasing temperature can be used as an indication of the degree of cure
of apolymer. Theelectrical propertiesof apolymer changevery littlewith
increasing temperature after the polymer isfully cured. Thisisin contrast
to the rapid changes that occur in apartially cured polymer. Asillustrated
inFigs. 1.12and 1.13, anadditional 8 hoursof cureat 75°Cresultedinalower
rateof changeof boththediel ectric constant and dissi pationfactor. Atroom
temperature, the electrical properties of the two samples were almost
identical. Thus, at thistemperatureone cannot differentiate betweenthetwo
cure conditions. Further data on the change in dielectric constant and
dissipation factor with degree of cure are given in Table 1.17. In these
studies, the temperature was held constant at 23°C. At all frequencies,
dielectric constants and dissipation factors decreased progressively asthe
cure schedule wasincreased. The coating tested was Epon® 828 cured with
an anhydride-castor oil adduct.
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Figure 1.12. Variation of dielectric constant with temperature, degree of cure, and
frequency for an epoxy coating cured with anhydride-castor oil adduct.
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Figure 1.13. Variation of dissipation factor with temperature, degree of cure, and
frequency for an epoxy coating cured with anhydride-castor oil adduct.
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Table 1.17. Effect* of Cure on Electrical Properties of Epoxy Cured with
Anhydride-Castor Oil Adduct

Sample After Cure of After Postg;ur? of Pgsftt:ljrﬁ?)?llt(lsot?ﬂat
P 16hr at 74°42°C | 5hr at 74°+2°C P
Dielectric Constant
At 100 Hz
1 4.31 3.77 3.08
2 4.30 3.73 3.04
3 4,32 — 3.07
At 1kHz
1 391 3.52 3.07
2 3.87 3.49 3.02
3 3.93 — 3.07
At 10kHz
1 3.63 3.39 3.05
2 3.57 3.35 3.00
3 3.65 — 3.04
At 100 kHz
1 3.45 3.28 3.03
2 3.40 3.24 2.96
3 3.49 — 3.01
Dissipation Factor
At 100 Hz
1 0.0844 0.0664 0.0039
2 0.0912 0.0690 0.0040
3 0.0841 — 0.0036
At 1 kHz
1 0.0626 0.0385 0.0037
2 0.0668 0.0396 0.0038
3 0.0586 — 0.0035
At 10kHz
1 0.0433 0.0257 0.0051
2 0.0452 0.0266 0.0053
3 0.0398 — 0.0048
At 100 kHz
1 0.0371 0.0254 0.0091
2 0.0380 0.0259 0.0094
3 0.0343 — 0.0083
* Measured at 23°C.
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The optimum curing time and temperature obtained from aplot of
thedielectric constant or dissipation factor versustimeat constant tempera-
ture are even more apparent for the epoxy system shown in Figs. 1.14 and
1.15. Initial values, after mixing atwo-part coating or upon activating aone-
part coating, are high, but decrease as polymerization and hardening
progress. Ultimately, at some optimum time, these values level off and
stabilize. It can be seen that the cure for this epoxy resin is essentially
completein3.5hoursat 120°C, but requires 12 hoursat 66°C to achievethe
same degree of cure.[>3

Other investigators have shown that the degree of cure or cross-
linking of anepoxy system may befoll owed by diel ectric measurementsover
afrequency range from 30 Hz to 10'° Hz.I5 A correlation of mechanical
properties with electrical properties may also be made, and once the
correl ation has been established and standard curvesprepared, they may be
used for rapid quality control testing.

1.4.8 Dielectric Strength and Breakdown Voltage

Y et another important electrical property isthedielectric strength,
that is, the ability of a coating to withstand an applied voltage without
breakdown. Di€l ectric strengthisdefined asthemaximum voltage (usually
reportedinvoltsper mil thickness) at or bel ow which no breakdown occurs.
Some prefer to speak about dielectric breakdown voltage, the voltage
threshold at or above which actual failure occurs. Thisisalso reported in
volts per mil thickness and the two terms are often used interchangeably.
Thephysical breakdown of coatingsat acritical voltageisbelievedtobedue
to alarge increase in electrons (electron “avalanche” effect) within the
insulating coating.!>® Even the best insulation materials contain a small
number of ions and free electrons owing to thermal agitation or molecular
imperfections. In such cases, very high voltageswill berequired toinitiate
breakdown. Other, lessperfectinsulators, that containimpurities, voids, and
moisturewill havelower breakdown voltages.[5¢!

Accuratedielectricstrengthdataareimportantindesigningreliable
high-density el ectroniccircuitsintendedto operateat high voltages. For both
low- and high-voltage operation, organic coatingsarewidely used because
of their high dielectric strengths. In general, dielectric strengths of organic
coatings are much higher than those of inorganic or ceramic coatings.
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Figure 1.14. Establishment of epoxy cure schedule from dissipation factor
data.[®
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Figure 1.15. Establishment of epoxy cure schedule from dielectric constant
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Dielectric strengths should be measured carefully under specified
conditionsinorder to obtainreproducibleresultsand an accurate comparison
among various coating materials and their cure conditions. Numerous test
conditionsare known to affect diel ectric strength values. For example, itis
important to standardi zethe el ectrode configurati on and the thi cknessof the
sample. All valuesare ultimately reduced to volts per mil of thickness. The
thicknessof the sample hasamarked effect on the values obtained (Fig. 1.16).
Generally, thin specimens result in higher values than thick specimens. In
most cases, the 17-mil thicknessspecifiedinthe ASTM D149 methodistoo
thick to easily prepare samples of coatings. The same test procedure,
however, may befollowed using 2 to 5 mil thick samples. Other variables
affecting the readings include the manner in which the voltage is applied
(continuously or stepwise), therateof voltageincrease, thefrequency of the
applied power, theintegrity of thecoating (lack of pinholesandair voids), and
the purity of the sample. In general, the dielectric strength of a polymer
coating decreases with an increase in imperfections or impurities in the
coating.
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Figure 1.16. Effect of coating thickness on dielectric strength for Teflon TFE.

Ambient conditions, such astemperatureand humidity, under which
the test is performed also affect the dielectric strength values. A plot of
dielectric strength versustemperature showsthe same general curvefor all
polymers. There is less change at low temperatures, but a rapid decline
aboveacritical temperatureischaracteristic of thecoating being tested (Fig.
1.17) 157

Although elevated temperatures and exposure to moisture cause
pronounced reductionsin diel ectric strength, in some cases, final dielectric
strength values may still be sufficiently high to be of little concern. Asan
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exampl e, thediel ectric breakdown voltage of an 8-mil-thick siliconecoating
(Dow Corning DC-630) havinganinitial valueof 1000 volts/mil droppedto
400volts/mil after a24 hourimmersionindistilled water and to 500 volts/mil
after a24 hour exposureat 260°C. Y et, thesevaluesarestill sufficiently high
for most applications.!>8
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Figure 1.17. Temperature dependence of the dielectric strength of
polytetrafluoroethylene (5-mil-thick film, 1/4 in electrode).[®7]

Measuring the dielectric strength under ambient conditions may
result in readings that are difficult to interpret, because of electrical
dischargesand surfacearcing around the sample. In such cases, thesamples
may be tested while immersed in a highly stable fluid having a minimum
breakdown voltage of 26,000 volts with 0.1 inch separation between the
electrodes.[5% Examplesof such highdiel ectric-strengthfluidsincludesome
silicones and various hydrocarbon and transformer oils. There are several
standard methods for measuring dielectric strength, such as ASTM D149
and IPC-TM-650, Method 2.5.7.
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1.4.9 Arc Resistance

Arc resistance, also known as tracking resistance, is the time in
seconds that an arc may exist on the surface of amaterial before electrical
breakdown of the surface occurs. A high-voltage, low-current arc is used
to simulate serviceconditionssuch asthoseexistinginac circuitsoperating
at high voltages and currents limited to the low milliampere region. A
commonly used test method for arc resistanceisdescribedin ASTM D495.
Several arc testers that comply with this test method are commercially
available. Accordingto ASTM D495, the specimensareplaced betweenthe
electrodes and an arc is generated at scheduled intervals and at specified
current densities.

There are three modes by which failures due to arcing can occur:

» Bytracking; thatis, by theformationof thinwire-likelines
between the electrodes.

» By carbonization of the surfacedueto heating. A conduc-
tive path isformed because of carbonaceous decomposi-
tion products that have lower resistance to the flow of
current than the original surface.

» By sdf-ignitionof thecoatingwithout theformation of any
visibleconducting path.

Arcresistancesof coatingsvary widely, depending ontheir mol ecu-
lar structures, formulationingredientssuch asfillersand curing agents, and
the physical and chemical condition of the surface. In the case of epoxies,
aromatic amine and anhydride curing agents result in higher values than
aliphaticamines. Fillersal sohaveapronounced effect, generally improving
the arc resistance of acoating. Studies of the effects of fillerssuch asmica,
alumina, silica, and gypsum on the arc resistance of an epoxy resin were
made by Delmontel®! and by others.!8 In general, it was found that the
addition of fillerscould easily double or eventriplethe arc resistance of an
unfilled epoxy resin system.

Not all coatings may be defined in terms of precise arc-resistance
values. Some melt, gum up, or crack during the course of testing. When
precise reproducible values are obtained, they aretheresult of theinherent
stability of thematerial, itspurity, anditssurfacecleanliness. Arcresistance
can beimproved by keeping the surface dry and free of contaminants. Even
touchingthesurfacewill reducearcresistancedueto moisture, salts, and oils
transferred from the fingers. The arc resistance of polymer resins may be
increased two- tothreefol d by formul ating themwith glassor mineral fillers.
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In addition to its usefulness as a design criterion, arc-resistance
testing may be used as a quality control method and as a means of
determining changes that a surface undergoes on aging, irradiation, and
exposure to temperature or humidity.

1.4.10 Corona

Corona, also known as partial discharge, occurs when a suffi-
ciently highvoltage causesabreakdown of thesurrounding medium, usually
air or oil, resulting in a conductive path. This creates discharges to the
polymer surface and degradation. The discharges produce humming or
sizzling soundsthat are most pronounced at | ocationshaving high moisture
adsorption or absorption. The coronainception voltageisameasure of the
onset of discharge. Polymers that oxidize readily such as polyolefins are
especialy prone to corona discharge while others such as silicones and
polyimides are very resistant.

1.5 THERMAL FUNCTIONS

Organic coatings are seldom used for the primary purpose of
conducting heat. Unfilled polymersand polymer coatingshavelow thermal
conductivities. Assuch, they are good thermal barriersand thermal insula-
tors. Furthermore, thereislittledifferenceinthethermal conductivitiesof the
major polymer types; values generally lie between 3 and 8 x 10 cal/
(sec)(cm)(°C) or 0.1251t0 0.335in W/mK (Table 1.18). These values are
hundredsto thousands of timeslower than thosefor metalsor ceramics. As
with electrical conductivity, the thermal conductivities of coatings can be
increased somewhat by formulating them with metal or inorganic fillers.
However, compositions containing metal fillers also become electrically
conductive and as such are not suitable for electronic applications that
require electrical isolation. Among the best non-metallic, high-thermally-
conductivefillersareberyllia, aluminumnitride, boronnitride, and diamond.
Each of these fillers has some limitation, such as the toxicity of beryllia
powder and the high cost of diamond powder. Other more practical fillers,
although not as effective, include aluminum oxide (alumina), silicon oxide
(silica), and carbon. Ascanbeseenfrom Table1.19, theamount of filler and
itsphysical natureaffect thethermal conductivity 16363 A need still exists
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for very high thermally conductive polymers that are also electrically
insul ative, especially for high-density microel ectronicswhereheat dissipa-
tioniscritical tothereliability of themodules. No polymer material yet exists
that combines the high thermal conductivity and electrical high insulation
resistanceof beryllia, aluminum nitride, or diamond.

If some degree of thermal conductance in organic coatings is
required, either or both of the following approaches may be used:

» Employ acoating that isfilled asmuch aspossiblewith a
thermally conductivefiller.

» Employ asthin acoating as possible, since thermal con-
ductionisinversely proportional tothickness.

Inpractice, itisfoundthat any gaininthermal conductivity resultingfromthe
useof afillerisoften offset by the coating becomingthixotropic, thicker, and
difficulttoapply.

The use of fillers generally increases the thermal conductivity of
unfilled polymers. For example, the thermal conductivity of an Epon 828/
diethylenetriamine (DETA) epoxy formulation was improved three- to
fourfoldby addingsilica, aluminum, or berylliafillers, but thesevaluesarestill
far lower thanthethermal conductivitiesof thefillersalone. Theincorpora-
tion of conductive particle fillers in a resin can increase the thermal
conductivity tenfold over theunfilledresin, but al so decreasestheel ectrical
insulation resistance sometimes from 1 x 10'® ohm-cm to 10 ohm-cm.
Carbon-filled polymers such as epoxies have been used for many years as
low-cost screen-printable resistors known in the trade as Polymer Thick
Films (PTF). Different sheet resistances are produced depending on the
amount and nature of the carbon filler. Carbon-filled coatings are al so used
for EMI/RFI shielding and as antistatic coatings. Some investigators have
attempted toincreasetheinherent thermal conductivity of epoxiesby further
cross-linking the molecules by postcuring or by exposure to gammaradia-
tion, but were ableto achieve, at most, only a5% improvement.[64-16% The
addition of selected fillers still remains the most effective method of
increasing the thermal conductance of plastics and polymer coatings.

Other more detailed discussions of thermal conductance may be
found in the literaturel®-5% and in various test methods (see Ch. 7).
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Table 1.18. Thermal Conductivities of Various Materials*

Unfilled Polymers

Thermal Conductivity, W/m.K

Acrylic 0.167-0.21
Alkyd 0.33
Depolymerized rubber 0.134
Epoxies 0.125-0.25
Cured with diethylenetriamine 0.2
Electrostatic spray coating (Hysol DK-4) 0.276
Epon 828 (71.4%), DEA (10.7%) 0.2
Fluorocarbons
Teflon FEP 0.24
Teflon TFE 0.29
Phenolics 0.125-0.25
Polyamide
Nylon 6,6 0.24
Nylon 6,10 0.22
Polyester 0.08-0.2
Polyethylene 0.33-0.46
Polyimide,
Pyre ML Enamel 0.15
Pyre ML Varnish 0.3
Polypropylene 0.12
Polystyrene 0.13
Polyurethane 0.1
Polyvinyl
chloride 0.08
formal 0.15
Polyvinylidene
chloride 0.083
fluoride 0.15
Polyxylylene, Parylene N 0.125
Silicones
Flexible casting resin 0.29
Gel coating 0.155-0.29
RTV type 0.21-0.31
Sylgard varnishes and coatings 0.15-0.31

(cont’d.)
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Table 1.18. (cont'd.)

Metals, Alloys, and Ceramics

Thermal conductivity, W/m.K

Aluminum 247
Aluminum nitride 140-200
Aluminum oxide

99" % alumina 36-40

96% alumina 17-20
Beryllium oxide, Beryllia 99.9% 276
Boron nitride 60-80
Chromium 66
Copper 398
Copper-molybdenum 155
Copper, 20% tungsten 248
Diamond

singlecrystal 2300

CvD 800-1300
Gallium arsenide 43-50
Glass 157
Gold 315
Gold-Platinum 130
Gold-Silicon Eutectic 294
Gold-Tin (20%) 57
Indium 78
Indium arsenide 7
Indium phosphide 68
Invar 11
Kovar 16.7
Lanxide (Al-SIC) 200
Lead 35
Low Temperature Cofired Ceramic (LTCC) 3-5
Molybdenum 130
Nickel 92
Palladium 70
Platinum 71

(cont’d.)
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Table 1.18. (cont'd.)
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Metals, Alloys, and Ceramics Thermal conductivity, W/m.K

Quartz (X'line SIO,) 14
Sapphire (X’line Al,Oy) 335
Silicon 114-125
Silicon carbide 270
Silicon-germanium 114
Silver 427
Silver-palladium 150
Solder

(Sn 60, Pb 40) 53

(Sn 40, Pb 60) 42
Stainless Steel 15
Tin 64
Titanium 20
Tungsten 178
*Values for other materials may befound in the Merck Index or the Handbook of
Chemistry and Physics, CRC Press. Values were generally taken & 25°C. Vauesare
for comparative purposes only since valuesfor specific compostions, processing
conditions, and temperatures will vary.

Table 1.19. Effect of Fillers on Thermal Conductivities of Epoxies

Polymer W/im.K
Epon 828/DETA (A) 0.17
A +50% aluminum 0.46
A +50% beryllia 0.52
A +50%silica 0.42
A +70% aluminum 0.54
A +70% beryllia 0.745
A +70%silica 0.50
Epoxy, flexibilized (B) 0.226
B + 64% by vol tabular alumina 2.09
B + 66% by wt tabular alumina 0.75
Epoxy, diamond filled 11
Epoxy, silver filled 1.56-1.87
Epoxy, silicafilled 0.83
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1.5.1 Ablative and Intumescent Coatings

Somecoatingshavebeen specifically engineered and formulated to
removelargeamountsof heat when subjected to hightemperaturesfor short
periods of time. Among these are the thermally abl ative coatings that have
been used to protect components during missile and rocket liftoffs. The
coatings, when applied to heat sensitive parts such aselectronic enclosures
or nozzlecontrol units, protect theinsidesurfacesfrom temperaturesashigh
as 3000°F generated from the rocket engines during blast-off. At the
temperature of ablation, the exterior layers of the coatings decompose and
char. Thus, thecoating absorbsconsiderableheat (heat of ablation) whilethe
inside surfaces remain sufficiently cool. The coating must be applied at a
sufficient thickness and must ablate at a controlled rate, so that sufficient
coating remains at the end of the thermal exposure. Ablative coatings
consisting of filled epoxies and silicones were used to protect the nozzle
control unit of theMinuteman missileduring take-off. A similar coatingwas
used on the Apollo capsule to protect the astronauts from the intense heat
of reentry into the Earth’ s atmosphere.

Intumescent coatings are used to protect electronic boxes and
structures from fire. They contain fillers or have molecular structures that
decompose and evolve into flame-retardant gases such as carbon dioxide.
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Chemistry and
Propertiesof Polymer
Coatings

Almost any polymer type can and hasbeen formul ated asacoating,
but thetypes most widely used as coatingsfor microel ectronic applications
are the acrylics, epoxies, polyurethanes, silicones, polyimides, fluorocar-
bons, and, more recently, benzocyclobutenes (BCB) and p-polyxylylenes
(parylenes). A discussion of other polymer typesused largely incommercial
and consumer items is included for comparison. Among these are the
polyesters, polyvinyls, phenolics, and polyamides.

Inthischapter, thechemistry and propertiesof polymer coatingsare
treated together because of the interrelationship and dependence of prop-
ertieswith chemical structures. For example, both the dielectric properties
and moisture affinities of polymers are related to their polarities and
molecular structures. Whether the polymers are linear or crosslinked and
thedegreeof cross-linking also affect propertiessuch asthermal expansion,
shrinkage, softeningtemperature, resi stanceto sol vents, and thermal stabil-
ity. Formulationswithfillersand additivesfurther enhancecertain properties
suchasthermal conductivity, el ectrical conductivity, and flameretardancy.
Thus, in the discussion of each of the major polymer types, both the
chemistry and thegeneric propertiesassociated with that typewill begiven.

65
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2.1 ACRYLICS

Acrylics are the most widely used coatings for the protection of
printed wiring boards due to acombination of low cost, excellent electrical
insul ation properties, moisture protection, and ease of repair.

2.1.1 Chemistry

Acrylics used as conformal coatings are generally
polymethylmethacryl atesformed from methyl methacrylatemonomersthat
polymerize on exposure to air with a catalyst at room temperature or on
heating. Figure 2.1, for example, showsthe basic chemistry involvedinthe
formation of polymethylmethacrylate. The reaction is an addition type in
which the double bond is decoupled to form transient free radicals which
quickly unitetoformthepolymer. Propertiescan bechanged by varyingthe
methyl groups or by copolymerizing with other resins containing adouble
bond. Most acrylic coatings used as conformal coatings are solutions of
prepolymerized acrylates, for example, polymethylmethacrylates(PMMA).
Thus, no further polymerization occurs after coating. Solidification and
adhesion to the substrate occur by evaporation of the solvent and drying.
Total evaporation of thesolvent isimportant to achievetheoptimum physical
and electrical properties.

The acrylic group can be incorporated in other polymer types to
render them photosensitiveor to alter their propertiesthrough cross-linking.
Acrylate groups, for example, have been appended to epoxies, silicones,
polyurethanes, and fluorocarbonsto produce photosensitiveformul ations.

C[H3 C|:H3
n H,C=C > CH, — C
[ catalyst |
C[=O + heat C[=O
0 ?
CH; CH, n
Methylmethacrylate Polymethylmethacrylate

Figure 2.1. Chemistry of acrylic ester polymerization.
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2.1.2 Properties

Acrylicsarethermoplastic polymersnotedfor their excellent optical
characteristicsandresistanceto outdoor environments. Acrylic coatingsare
usedinmany optical applicationswheretheir highlight transmittanceof 92%
and refractive index of 1.48 are well suited. Besides their use as molded
plastics for commercial uses such as lenses, light fixtures, and decorative
household items, acrylics have along history of use as conformal coatings
fortheprotection of highreliability, printedwiring boards, and areoneof the
five coating types specified in MIL-1-46058. Acrylic coatings are charac-
terized by long-term resistance to weather deterioration, good scratch and
abrasionresistance, continuousserviceintemperaturesfrom-65°t0125°C,
and excellent electrical properties. An important benefit of acrylics as a
coating for high-end expensive printed wiring assemblies is reparability.
Acrylics can be easily removed by dissolving in organic solvents such as
xylene or Freon. They may also be soldered through making repair and
rework easy.

The physical properties of some acrylic resins prior to curing are
givenin Table 2.1 whilethe physical and electrical properties of the cured
coatingsaregivenin Table 2.2.

Amonglimitationsarethat someformul ationsdiscol or and degrade
on prolonged humidity/temperature exposure. Acrylics are susceptible to
attack by organic solvents such as ketones, esters, chlorinated and fluori-
nated solvents, and aromatic hydrocarbons. Thispoor solvent resistance, as
already mentioned, becomes a benefit for rework and repair since the
coatings can be selectively or completely dissolved and removed.

2.2 POLYESTERS

Theterm polyester isavery broad one encompassing any polycon-
densationproduct of adicarboxylicacidwithadihydroxy a cohol. Polyesters
are characterized by the ester group,

|
c—0O

arepeating unitalong thepolymer chain. Morespecifically, polyestersmay
be divided into two types: unsaturated polyesters and al kyd polyesters.
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Table 2.1. Properties of Liquid Acrylic Coating Resins

H Lfrm'sea' 1B12 1B31 | 1B3ILSE* | 1B73 1B73LSE
ype
Specific
wt., 7.3 7.6 7.7 7.7 8.0
Ibs/gal.
% Solids,
by wt. 20 35 33 30 29
Viscosity, 40 220 420 270 400
Centipoise
Flash
Point, °F 30 30 62 30 62
VOC,
oliter 701 592 184 647 240
Dry Time, 10 10 20 30 20
min.
24hIRT | 24hiRT | 24h0RT | o0 e | oyt
Cure or or or or or
Schedule 30 30 30 \ .
min77°C | minzec | minzrec | 2P77C | Th7eC
Time for
Optimum
Properties, 7 7 7 7 7
days
Shelf Life
at RT, 12 12 12 12 12
months
*Lega Solvent Emission.
(Courtesy HumiSeal, Div. of Chase Corp.)
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Table 2.2. Physical and Electrical Properties of Cured Acrylic Coatings

HumiSeal 1B12 1831 | 1B31LSE* 1B73 | 1B73LSE
Type

Continuous
Use Temp. -65t0125 | -65t0125 | -65t0 125 -65t0 125 | -65t0 125
Range, °C
Thermal
Shock Passes Passes Passes Passes Passes
Flammability
(self- Yes Yes Yes Yes Yes
extinguishing)
CTE, ppm/°C 56 55 55 55 55
Young's 9782 7154 7154 1606 1606
modulus, psi
T, °C 32 15 15 43 43
Dielectric
Constant, 1 2.8 25 25 2.6 2.6
MHz @ 25°C
Dissipation
Factor, 1 0.01 0.01 0.01 0.01 0.01
MHz @ 25°C
Dielectric
Withstanding >1500 >1500 >1500 >1500 >1500
Voltage
Insulation
Resistance, 250 800 800 550 550
ohms x 102
Insulation
Resistance
after 30 60 60 72 72
Moisture**
ohms x 10°
Resistance to Poor Poor Poor Poor Poor
Solvents
*Legal Solvent Emission
**Per MIL-1-46058, 3.13
(Courtesy HumiSeal, Div. of Chase Corp.)
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2.2.1 Chemistry of Unsaturated Polyesters

Besides the characteristic ester groups, unsaturated polyesters
contain double bonds (ethylenic groups) along the polymer chain. Because
of these double bondsthey are often classified asvinyl types. Unsaturated
polyestersarecured by cross-linkingthelonglinear chainsby meansof vinyl
monomers such as styrene, diallylphthalate, methylmethacrylate, vinyl
toluene, divinyl benzene, or combinations of these. Coating formulations
generally containthe polyester resin dissolvedinthevinyl monomer which
issubsequently crosslinked and cured by stirringinacatalyst (initiator) just
before use (see Fig. 2.2).

0 9 P9
QW»—C—CH:CH—C—O—CHZCHZO—(% C—OCH,CH,0—w— + @—CH:CHZ—

| Unsaturated polyester Styrene

0 0
| i [ | I
c—$H— H—C—O0—CIL,CH,—0—C C—0—CH,CH,—O

%Hz
CH

+ Organic
peroxide
| 3 I
ﬁ*C*CH—(If70CH2CH207C C—O0—CH,CH,0—vn—

H
¢}

Cross-linked copolymer

Figure 2.2. Curing mechanism for unsaturated polyester resins.*

Thepolymerizationmechanisminvolvesfree-radical additionacross
the double bonds, hence, no volatile by-products are evolved. Thisis a
distinct advantage over condensation polymerization, wherewater or other
by-productsthat degrade el ectrical propertiesareproduced during thecure.

*Throughout the text, a circle within a hexagon indicates alternating double bonds
as in benzene. An S within a hexagon indicates a saturated ring, that is, no double
bonds as in cyclohexane.
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Free radicals may be initiated by thermal energy, ultraviolet light, or
chemicals—notably the organic peroxides.
The use of unsaturated polyesters as coatings or encapsulants for
electronic hardware may present several problems:
» Hydrolytic instability of the ester groups, resulting in
deterioration and “whitening” of the coating.
» Highshrinkageduring cure, oftenashighas10%, creating
high stresses and separation from glass or metal sub-
strates.

» Withperoxidecures, thepossibility of corrosionof copper
owingtotheinteraction of peroxidecatalystswith copper.

2.2.2 Chemistry of Alkyd Polyesters

Alkyd resins are polyesters produced by the condensation of
saturated dicarboxylic acidswith polyhydrical coholsasdepictedinFig. 2.3.

-HOH

HOOC—R— COOH+HO—R—OH———>
Dicarboxylic Dihydric
acid alcohol

i
O—C—R—C—0—R
n

Alkyd polyester

Figure 2.3. Alkyd polyester synthesis.*

*In these structures and throughout this book, the symbol R represents an organic
group, either aromatic (ring structure) or aliphatic (straight or branched chain).
This is a general method of indicating that a series of compounds is possible in
which the R group varies in structure.
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Among the most commonly used alkyd polyesters are those pro-
ducedfrom phthalic anhydride (sourceof phthalicacid) and glycerol. These
resinsarealsoreferredto asglyptals. They are seldom used assuch, but are
modified with unsaturated oilsor fatty acids, such asoleicor linoleic acids,
in order to achieve rapid air-drying properties. The first step in their
preparation isthepartial esterification of glycerol with thefatty acid. Inthe
second step, phthalic anhydride reacts with one or more of the remaining
hydroxyl groups of the partially esterified glycerol resulting in the alkyd
polymer (Fig. 2.4).

Although glycerol and phthalic acid are the most commonly used
starting material s, other polyol sand dibasi c acidscan beused. Other polyols
includepentaerythritol, polyglycerol, and themono- and diglyceridesof fatty
acids of linseed oil. Other dibasic acids include isophthalic, terephthalic,
hexahydrophthalic, maleic, tetrachl orophthalic, and adipicacids.

Alkydscanbefurther modifiedwithrosin, styrene, phenolicresins,
or silicones, depending onthecharacteristicsdesired. Moredetailed discus-
sions of the chemistry and formulation of alkyd polyesters appear in the
literature.[43]

2.2.3 Properties of Alkyd Coatings

Thealkydsand modified glyptalshave been used for many yearsas
coatings, paints, and varnishes. They areused primarily asprotectiveand
decorative coatings for consumer products. For electronics, they are of
interest more as finishing systems for metal enclosures, housing for elec-
tronicassemblies, and computer chassi sthan asprimary insul ation coatings.
Ascorrosion-protectivecoatingsfor metals, many provenandwell-defined
alkydsareavailableand covered by federal specificationssuchasTT-E-508
and TT-E-489.

Alkyd coatings may be either air-drying or baking types. The air-
drying types, as mentioned previously, have been modified chemically by
incorporating unsaturated fatty-acid groups into the polymer structure.
Experimental studies have shown that the greater the percentage of these
fatty acidsintheformulation, theshorter will bethedryingtime. Dryingtimes
may also be reduced by adding metal oxides such as those of |ead, cobalt,
or calcium, by using branched polyhydric al coholssuchaspentaerythritol, or
by substituting isophthalic acid for phthalic acid. The baking-type alkyds
are modified with hardeners such as melamine or urearesins.
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Step: 1
HOCH; — CH— CH,OH + R— COOH i)
o
Qycerol Fatty acid
o)
HOCH, — CH— CH,0— ICI:— R
o
Monoester of glycerol
Step: 2 o
HOOC,——COOH + HOCH,CHCH,O— Icl:— R—>
O =
Phthalic acid Monoester of glycerol
o o _
I Il
—tcC —C—O0—H,—CH— O
© .
0
|C: O
’
L —n
Modified alkyd polymer

Figure 2.4. Steps in the formation of a modified alkyd polymer.
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2.3 POLYVINYLS

Polyvinyls are among the oldest types of polymers and consist of
many structural variations. However, lacking either thermal stability or
stable electrical properties under severe stresses, they are seldom used as
protectiveor dielectric coatings, especially for themoreadvanced el ectron-
ics. Among themost widely used polyvinylsarethepolyvinyl chloridesand
polyvinyl formal (Formvar) used aswireinsulation.

2.3.1 Chemistry

Vinyl polymersare prepared by thefree-radical addition polymer-
ization of monomers containing one or more double bonds. The monomers
joinhead-to-tail toformlong-chainlinear polymersof highmolecular weight
without releasing any by-products. Ultraviolet light, heat, or catalysts are
used toinitiatethe free-radical reaction. The best accel erators are peroxide
catalystssuch asbenzoy! peroxideor dicumyl hydroperoxide. For example,
thepolymerization mechanismfor styrene(avinyl benzene) using acatalyst
isshowninFig. 2.5.

Catalyst ——— R°®
(Freeradical)

CH,—CH

|
. . CeHs
R+ CHz=|CH —> R—CH; —|CH —> R CH2|CH CH2(|:H'
CeHs CeHs CeHs CeHs
y

Styrene
monomer / Termination by
coupling

R——CH; —|CH R

CeHs
n
Polystyrene

Figure 2.5. Free-radical polymerization mechanism for styrene.

Included in the vinyl classifications are many well-known mono-
mers and their associated polymers as listed in Table 2.3. Most of these
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polymersareformed directly fromthe polymerization of thevinyl monomer
without further alteration and are referred to as primary vinyls. Others,
formed by subsequently reacting the primary vinylswith reagentsthat alter
the groups along the polymer chain, are called secondary vinyl resins. For
example, someof theacetategroupsof polyvinyl acetatemay behydrolyzed,
and the resulting hydroxy groups then co-reacted with aldehydesto yield
acetal derivatives. There are three such derivatives of importance to the
electronics industry: polyvinyl forma (Formvar), polyvinyl acetal, and
polyvinyl butyral. Polyvinyl formal and polyvinyl acetal arewidely employed
as tough, temperature-resistant wire insulation while polyvinyl butyral is
useful asasurface coating and asaresin system in many wash primers (see
Ch.1).

Acrylics, polyethylenes, polypropylenes, and other polyol efinsmay
also beclassified asvinyl types, but are often treated separatel y because of
their great commercial importance. The polymers listed in Table 2.3
represent a small fraction of the numerous vinyl modifications that are
possible. Additionally, many copolymerscan beprepared by reacting two or
more of the monomers. Such resins will be more soluble and possess
properties half-way between those of the respective homopolymers. An
exampleof avinyl copolymerisgiveninFig. 2.6.

2.3.2 Properties

Of the many vinyl types discussed, those most widely used as
protective and electrically insulative coatings are the polyvinyl chlorides,
polyvinyl fluorides, polyvinylidenechl oridesandfluorides, polyvinyladehydes,
and polymethylmethacrylates. These polyvinyl coatings are used as mois-
turebarriers, primary wireinsulation, corrosion-protectivecoatings, diel ec-
tric impregnants, baking enamels, and as capacitor dielectrics. Some of the
best electrical-grade and moisture-barrier coatings are formulated from
vinyl monomers.

Polyvinyl Formals. Theelectrical propertiesof polyvinyl formals
are extremely good, rendering them especially useful as wire enamel
coatings. Their dielectric strengths range from 860 to 1000 volts/mil and
dielectricconstantstypically are3.3t0 3.6. Coatingsareappliedtowirefrom
asolution containing small amountsof phenolicresin, whichfunctionsasa
cross-linking agent. Polyvinyl formalsaregenerally insolubleinalcoholsand
hydrocarbons, but soluble in acetic acid, dioxane, nitrobenzene, and tetra-
chloroethane.
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Table 2.3. Vinyl Monomers and Polymers

M onomer Monomer Structure | Polymer | Polymer Structure
Primary Types
Polyvinyl Cre—CH—-
; i CH,—CH—UCl
Vinyl Chloride 2 Chloride |C|
—n
. CH—CH—
‘ ) CHs— CH— F Polyvinyl
Vinyl Huoride Fluoride l
—n
CH,—CH
0 Polyvinyl CL
Vinyl Acetate A l
4 CH,—CH—C—CHgs Acetate T_O
CHz
n
CH c—dad i
o ,— C— Poly- |
\é ;?Z:: gsne vinylidene C—C
cl Chloride <|:|
n
| F
. . —_— C— Pol y- |
Vinylidene CHo—C—F inyli GH—C
pice vinyl |.dene 2 |
F Fluoride E
n
[ —
CH—CH, (|:H -
| N
Vinyl N Polyvinyl
Carbazole . Carbazole
n
CHr—+CHy ( +
Ethylene Polyethylene Cre— e,
_ i CH,— CH
Propylene CHz==CH—CH PO
propylene CHs
n
CHp— CH
Syrene @ CH=—CH2 Polystyrene
n

(cont'd.)
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Monomer Monomer Structure | Polymer Polymer Structure
Primary Types
CHs
Methyl- Cre Polymethyl- CH—C
methacrylate CHp— C— COOCH; methacrylate
COOCHs
n
Secondary Polymer Types
Polymer Polymer Structure
CHy— CH—CH,— CH
Hydrolyzed o
Polyvinyl |
Acetate |°= ©
CHg
n
—fFCcH,—CH—CH,—cH
Polyvinyl i !I)
Formal =0 CH,OH
L,
[ cH,—cH—CHy—CH
Polyvinyl ‘|’ |
Butyral c=o HCOH
(|3H3 (|>3H7
— n
a d CN
I H |
CH,—= C+H,C=C—CN—/—> CH,— C—CH,—CH
|
a a
n
Vinylidene Acrylonitrile Vinylidene chloride-
chloride acrylonitrile copolymer

Figure 2.6. Vinyl-copolymer reaction.



78 Coating Materials for Electronic Applications

Polyvinyl Alcoholsand Acetates. Polyvinyl alcohols (PVA) and
polyvinyl acetatesare seldom usedin el ectrical applicationsbecauseof their
highdielectric constantsand dissi pationfactors, low thermal stabilities, and
the rapid and extensive degradation of their electrical properties when
exposed to humid conditions.!”! In fact, under normal ambient conditions,
sufficient water is absorbed to render electrical measurements usel ess.[®]
Polyvinyl acohols coatings also suffer from poor thermal stability at
temperaturesaslow as95°Cin air. They are sometimes used astemporary
coatings such as maskants that are easily dissolved in warm or hot water.
Onthewhole, polyvinyl alcohol and acetate resinsfind greater usein non-
electrical applications such as paper coatings, packaging films, and house
paints.

Polyvinyl Chlorides. Polyvinyl chloride (PV C) iswidely used as
wireand cableinsulation becauseof itsgood el ectrical insul ating properties,
resistance to moisture and chemicals, inherent flame resistance, and rela-
tively low cost. For these applications, the material is extruded from adry
blend or from hot fluxing.

Themolecular weightsof commercially availablepolyvinyl chloride
resins range from 50,000 to 150,000. As with other polymers, toughness,
viscosity, and chemical and solvent resistance increase with anincreasein
chain length and molecular weight. The average molecular weight of the
resin largely determines its application. High molecular weight resins are
used for wireinsulation and extruded flexibl e tubing, whereastheinterme-
diateand lower molecul ar weight resinsare used in the production of films.

Polyvinyl chloride is seldom used in its pure form. It is usually
formul ated with plasticizersfor flexibility, with stabilizersto prevent thermal
degradation, and with lubricantsand other additivesto facilitate processing
andincreaseitsimpact strength (Table2.4).[1 However, compoundingwith
large amounts of plasticizers or other additives will degrade electrical
properties, increase moisture absorption, or render the coating fungus
nutrient. Therearehundredsof plasticizersonthemarket, andjudicioususe
must be made to minimize these effects. Fillers such as clay or calcium
carbonate are added at about 15% loading to reduce the price of the plastic
and improveitselectrical resistivity. Amountsgreater than 15%, however,
degrade mechanical propertiessuch asabrasionresistance, tensilestrength,
elongation, andflexibility.

Stabilizersareadded because of thetendency of polyvinyl chlorides
todecomposeduring high-temperature processing, cure, or operational use.
Decomposition results in the release of hydrogen chloride which, in the
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presence of small amounts of moisture, quickly forms hydrochloric acid
and chlorideions. Hydrochloric acid and chlorideionsarethemain cul prits
in causing corrosion of metal and degradation of other plastics. They also
act ascatalysts, further attacking the polyvinyl chloride and releasing even
more hydrochlorides. This catalytic process is accelerated at elevated
temperatures, under high humidity, on being irradiated, or in the presence
of certain metalssuch asiron or zinc. Stabilizers consist of compoundsthat
react with and remove trace amounts of hydrogen chloride as soon asit is
formed, thus preventing catalytic “unzipping” of the polymer chain. Ex-
amplesof stabilizersincludelead, epoxy compounds, and plasticized urea-
formaldehyde resins. Because of the risk of degradation and the evolution
of hydrogen chloride, polyvinyl chloride is classified as a reliability-
suspect material in space applications and in many military applications
accordingto MIL-HDBK-1547.

Table 2.4. Vinyl Wire-coating Formulation!”]

Ingredient Proportion, pbw
Polyvinyl Chloride Homopolymer (medium mol. wt.) 100
Primary Plasticizer 30
Secondary Plasticizer 15
Pigment 33 (clay filler) 10
Calcium Carbonate Filler 8
Mark OHM Stabili zer 2
Total 165

2.4 POLYSTYRENES

Except wherehightemperaturesareinvolved, polystyrenesmay be
used for some electronic applications. They have very low dielectric
constants and power factors (Table 2.5), placing them in a class with
polyethylenes, fluorocarbons, and silicones. Polystyrenes also have high
dielectric strengthval ues(comparabl eto mica) and volumeresi stivitiesthat
do not vary much at high frequencies or in the presence of moisture.
Because of these properties, polystyrenesare especially suited as capacitor
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dielectrics, especially incommercial marketswheremoderatetemperatures
are encountered. Another outstanding property istheir transparency. Un-
modified polystyrene coatingsareclear, colorless, and capabl e of transmit-
ting 88 to 92% of light. Their refractive index is 1.59 to 1.60. They are,
therefore, used in coating lensesand other optical equipment. Polystyrenes
alsohavevery goodtinting and col oring properties, givingthemawiderange
of transparent, translucent, and opague colors for decorative uses.

Table 2.5. Electrical Properties of Polystyrenes

Property, Tested by ASTM Methods Value
Dielectric Strength, volts/mil 500-700
Dielectric Constant, 60 Hz 2.45t02.65
Power Factor, 60 Hz 1x10°to3 x 10*
Volume Resistivity, ohm-cm 1x10%°
Arc Resistance, sec 60-80

Among the more serious limitations of polystyrenes are their
inherent flammability and their upper temperature limit of 85°C, whichis
much too low for most military electronic applications.

2.5 DIALLYLPHTHALATE AND OTHER
ALLYLIC POLYMERS

Polymersbased ondiallyl phthal ate or thosederived frommonomers
containing the functional allylic group -CH,—CH=CH,, arereferred to as
allylic polymers. They may also be regarded as a specific class of
polyesters or as a class of vinyls. Dialylphthalate, the simplest and most
commonly used monomer, isan ester of orthophthalicacidandallyl alcohol.
Inits synthesis (Fig. 2.7), the orthophthalic anhydride may be employed
instead of the acid. Other commonly used ester monomersincludediallyl-
isophthalate, triallylcyanurate, diallylmal eate, and diallylchlorendate.
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ﬁ O
Il
C C— OCH,CH=CH,
N\ -H,0
/O+ 2CH,— CHCH,OH———>
I(I: ﬁ_ OCH,CH=— CH,
(0] O
Orthophthalic Allyl Diallylphthalate
anhydride dcohol

Figure 2.7. Synthesis of diallylphthalate monomer.

All alylic polymers are formed by a free-radical addition-type
polymerizationthat occursthrough thevinyl groupsinamanner similarto
the polymerization of styrene or other vinyl monomers. As such, no by-
productsarerel eased during polymerization. A largevariety of polymersand
copolymers is possible, depending on the monomers used. However, the
diallylphthalatesand diallylisophthal atesarethe onesmost used ascoatings,
varnishes, and impregnants. Diallylphthal ates possess excellent electrical
properties, chemical resistance, and thermal stability. Thetrialylcyanurate
polymer is reported to be stable up to 300°C.[81 Among limitations are the
high shrinkages that occur during polymerization; up to 12% has been
reported.

2.6 EPOXIES

Epoxy resinsformthebasisfor awidevariety of polymer materials
used in electronics ranging from conformal coatings to adhesives,
encapsulants, and printed wiring board laminates. The extensive use of
epoxies is due to their combination of low cost, ease of processing, and
excellent thermal, electrical, mechanical, and moisture barrier properties.
However, because of the numerous formulations possible and available
from different vendors, there can be wide variations in their properties.
Epoxies were initially developed in the early 1930s, but production for
commercial applicationsdid not beginuntil the1950s. Initially, epoxy resins
were developed and promoted by Ciba and the Shell Chemical Company.
Today there are numerous manufacturers and formulators. Since 1960,
epoxies have been formulated and applied to the rapidly growing field of
electronics. They are widely used as die-attach adhesives, laminates for
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printedwiring boards, conformal coatings, encapsul ants, underfill adhesives
for flip-chipandball-grid-array modul es, glob-top encapsul ants, and transfer
mol ding compoundsfor PEMss (plastic encapsul ated microcircuits).

2.6.1 Chemistry

Epoxies are based on the high reactivity of the strained three-
member epoxy ring, also referred to asthe oxirane ring. When mixed with
acidicor akalinecompoundsor withcompoundsthat containlabilehydrogen
atoms, the epoxy rings open up and a polymerization reaction occurs,
resulting in useful epoxy coatings, adhesives encapsul ants, and laminates
(Fig. 2.8).Besidestheepoxy group, the pendant hydroxyl groupsof an epoxy
resin arealso reactive. Further cross-linking or lengthening of the polymer
chain occurs through these groups.

o) o)
/\ /N Ren
H,C— CH— R— CH— CH2—>RfCHz(|3H— R—(IZH— CH,R

OH OH
A diepoxide

Figure 2.8. Epoxy chemistry.

Bisphenol A Epoxy Resins. Thesynthesisof di- and polyfunctional
epoxy resinshasbeenwell describedintheliteratureand will not betreated
in any detail herel9% The most commonly used resins are based on
Bisphenol A. When Bisphenol A reactswith epichlorohydrin, the simplest
epoxy resin called thediglycidyl ether of Bisphenol A (DGEBA) isformed
(Fig. 2.9). A series of epoxy resins based on Bisphenol A can be prepared
and are commercially available. The generalized formulafor this seriesis
giveninFig. 2.10. In this structure, n, the number of repeating units, may
rangefrom0to 24. Theresinswill beliquidsat low nvalues(1 or less) and
solids of increasing molecul ar weights and melting pointsasthevalue of n
increases. Theseresins, therefore, differ in their degree of polymerization,
molecular weight, and viscosity. They alsodiffer intheir epoxy equivalents,



Chapter 2 - Chemistry and Properties 83

defined asthe weight of resin that contains one gram-equivalent of epoxy,
important in calculating how much hardener to add in order to get a
stoichiometric ratio. There are many manufacturers of Bisphenol A-type
epoxy resins, each using a different designation for essentially the same
resin.

I
Q)
2 H,CZ—CHCH,CI + HO@T@OH NaOH
CH;
Epichlorohydrin Bisphenol A
CH,

O 0]

N | N
H,C—CHCH,O |C OCH,—CH—CH,

CH;
Diglycidyl ether of Bisphenol A

Figure 2.9. Preparation of diglycidyl ether of Bisphenol A epoxy resin.

CHz
20N |
H,C— CHCH,0 |c S— OCI—|2|CHCI-|2
CHs OH
n
CHz
| A
@? oo, H,
CHs

Figure 2.10. Generalized structure for Bisphenol A epoxy resins.
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Numerous Bisphenol A anal ogs have been synthesized and evalu-
ated; the synthesis of 84 bisphenol compounds and their corresponding
epoxy resins have been reported.[*Y! Of these, only a few, such as the
hal ogenated Bisphenol A epoxy resins, areof any commercial consequence.
Halogenated epoxy resins are useful because of their inherent flame-
retardant properties. Examples include the chlorinated and brominated
derivatives(Fig. 2.11).

Cl Br

a Br

(|3Hs (|ZH3

- IC— oO— —O0—— C—— oO—
CH3 lCH3

a cl Br Br

Tetrachlorobisphenol A group Tetrabromobisphenol A group

Figure 2.11. Examples of halogenated bisphenol groups used for flame-retar-
dant epoxy resins.

Novolac Resins. BesidesBisphenol A, other phenolic and polyhy-
droxy aromatic compoundsreact with epichlorohydrintoyield epoxy resins
having a variety of properties. Some widely used resins are derived from
novolac, aphenol formaldehyde resin. Reaction of the hydroxy! groups of
this resin with epichlorohydrin yields an epoxy-novolac resin (Fig. 2.12).
Novolacresinsarecharacterized by their high epoxy functionality, resulting
in coatingswith ahigh cross-linking density and hightemperaturestability.

Other Epoxy Types. Epoxy resins may also be prepared by
reacting unsaturated compounds (compoundscontai ning doublebonds) with
oxidizingagentssuch asperoxidesor peracids. Epoxiesfrombothlinear and
cyclic unsaturated compounds may be prepared in thismanner (Fig. 2.13).
The peracetic acid method is being used commercialy; epoxy resins, so
prepared, are known as peracetic acid epoxies.!*

Epoxidized polyolefin resins possess a molecular structure quite
different from that of the Bisphenol A series. The one thing they havein
common isthe epoxy ring, but, even so, thereisadifferencein the position
of theepoxy rings. Intheepoxidized polyol efins, theepoxy ringsare present
along the chain aswell as at the end of the chain, whereasin the bisphenol
series, the epoxy ringsarealways at the end of the chain. Epoxy polyolefin
resins may be cured with any number of hardeners or catalysts commonly
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used to cure the bisphenol epoxies, but also with free-radical initiators
because of themany doubl e bondsal ong the chain that were not epoxidized
(Fig. 2.14). Hence, dicumyl peroxide and other peroxide catalysts may be

used.
OH OH OH

Phenol
formaldehyde Novolac resin

0
pd
[ + CICH,CH—XH,

OH

CH, H,

CHy ' CHy__
O O

A

(‘3Hz ?Hz (lin

5 5 5

@—CHZ @CH2@CHZ

Epoxy-novolac resin

Figure 2.12. Formation of novolac and epoxy-novolac resins.

The peracetic acid resins have an advantage over bisphenol epoxy
resinsin possessing lower densities. The uncured resins are approximately
20% lighter in weight, a property that is desirable for some airborne
electronics.

2.6.2 Curing

By adding suitablecuring agents, epoxy resinspolymerizeto highly
cross-linked, three-dimensional solidseither by anadditionmechanismor a
catalytic mechanism. According to the addition mechanism, the curing
agent, also known asahardener, combineschemically with theepoxy resin
and servesasabridgeto crosslink anumber of resin mol ecul esinto amacro-
molecular structure. This type of polymerization is referred to as
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heteropolymerization. In the catal ytic mechanism, acatalyst promotesthe
self-polymerization of theepoxy resin. Thecatalystisregenerated and does
not becomepart of thefinal structure. Thistypeof polymerizationisknown
as homopolymerization. A large number and variety of catalysts and
hardeners are commercially available, and, asin the case of theresins, an
almost infinite number are synthetically possible. The hardener or catalyst
selected governs the rate of polymerization and dictates the resulting
properties of the cured coating. The hardener also determines the curing
schedul e (time and temperature) necessary to achieve optimum properties.

O O,
R'CH=CH—R—CH=—=CH—R"+ 00— R—CH—CH—R—CH—CH—R"
Linear unsaturated compound Diepoxide resin
@ + %40, — > o@
Cyclic unsaturated Cyclohexene oxide

compound (cyclohexene)

o)

CH—CH, N\
CH—CH
+0, — O
Vinylcyclohexene Vinylcyclohexene
dioxide

Figure 2.13. Epoxy resins formed by epoxidation of unsaturated compounds.

—+ CH,CH— CH— CH,CH>CH—— CHCH2CH>CH = CHCH,CH,CHCH,CH—
N/ [
OH o _ CH CH
| ol Il
CcC—0 CH, CH2
CHg
— —n

Figure 2.14. Typical structure for an epoxidized polyolefin.
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The choice of a hardener or catalyst for a specific application
becomes acritical factor in determining the performance and reliability of
the coating. Theadvantagesand limitations of variousepoxy curing agents
aresummarizedinTable2.6. 1t should benoted that, with proper precautions
and suitable equipment, many of thelimitationslisted can be avoided.

Table 2.6. Epoxy Curing Agents: General Comparison

secondary, and
tertiary amines)

Excellent wettability and
adhesion

General Type Advantages Limitations
Polyamines Rapid cures Short pot life (20-30 min)
(primary, Cure at room temperature Require careful and

accurate weighing and
mixing

High exotherms may be
difficult to control

May resultin slightly
colored films

May have noxious odor or
be irritating to the skin

Polyamides Result in flexible coatings Electrical propertiesnot as
with high vibration, impact, good aswith other curing
and shock resistance agents
Arenonirritating Moisture absorption and
Coatings have high degree permeability are higher than
of adhesion; surface for polyamines
preparation and cleanliness
arenot as critical to
adhesion aswith other
curing agents
Pot lives are longer than for
amine-cured epoxies
Peak exotherm temperatures
arelower than for amine-
cured epoxies

Anhydrides Long pot life at room Require tertiary amine or
temperature other catalyst to accelerae
Good thermal resistance (to cure
260°C) Require higher temperatures
High heat-distortion (80°-260°C) and longer
temperatures time (up to 24 hr) to affect
Low peak exotherm cure
temperature
Coatings do not discolor on
aging

Boron Very rapid cures ¢ High exotherm

Trifluoride e Some have short pot lives

Complexes o Some are hygroscopic
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Catalytic Curing. Both Lewis bases and Lewis acids initiate
polymerization of epoxy resinsproducing high mol ecular weight polyethers.
Lewisacidsare compounds, such asborontrichloride, borontrifluoride, or
aluminum chloride, that easily accept an electron pair from another com-
pound to form a complex. Conversely, Lewis bases, such as the tertiary
amines, easily donate a pair of electrons.

Most tertiary amines require slightly elevated temperatures when
usedto curethelow molecular weightliquid glycidy! ether resins. However,
room-temperature curesarepossi blewith the high mol ecul ar weight epoxies
because of thelarger number of hydroxyl groupsthat they contain. Tertiary
aminecatalystsareusedinquantitiesof 5to 15 phr (partsper hundredresin),
whereas Lewis base amine complexes are used in amounts of 2 to 4 phr.

Both Lewis acids and basesin the free state must be handled with
care. Most are highly corrosiveor irritating gasesor liquidsthat cause skin
irritation. Thosehaving ahighvapor pressureareal so noxiousor toxic. They
arealsohighly reactiveexhibiting extremely short pot livesafter mixing. For
example, boron trifluoride is one of the most reactive catalysts known for
curing epoxies. Itsextremereactivity makesit almost impossibleto handle
in a practical situation. To obviate this problem, these highly reactive
catalystsare sold and used aslatent complexes, modified so that their vapor
pressures and toxicities are reduced and their pot lives extended. Hence,
boron trifluoride is employed as an amine complex such as aniline boron
trifluoride or triethylamine boron trifluoride. These complexes dissociate
gradually at room temperature, but morerapidly on heating, liberating the
active catalysts.

Themechanism for curing epoxieswith tertiary aminesisdepicted
in Fig. 2.15. The tertiary amine first opens up an epoxy ring, forming a
guaternary base and leaving an oxygen atom with a pair of unsatisfied
electrons. This negatively charged oxygen atom then proceeds to open up
more epoxy rings, and so on. In this manner, long-chain polyethers are
formed.

Curing with Amines. Amine compounds are widely used as
curing agentsfor epoxy coatings, providing rapid curesat roomtemperature
in 1to 2 hours, or sooner at higher temperatures. Polyamines are used in
concentrationsof 4to 20 phr. Theresultant coatingshaveexcellent chemical
and solvent resistance, electrical properties, and thermal and vacuum
stability. These properties are enhanced when the coatingsare postcured or
cured at elevated temperatures. Amine compoundsthat may beusedto cure
epoxiesfall into 12 generic types (Table 2.7).
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Figure 2.15. Catalytic cure of epoxy using a tertiary amine.

Table 2.7. Classification of Amine Hardeners and Catalysts

Type Aliphatic Aromatic Alicyclic Heterocyclic*

Primary He

N
N
<
2
Second- R N

H H
57 i @0 | (o | L

H

Tertiary R
R—N— /
R R

* Specific examples are given; other permutations involving combinations of primary,
secondary, and tertiary amines are possible.
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Aswithtertiary amines, the primary and secondary aminesmay also
causeskinirritation, possessanoxiousodor, or emit corrosivefumes. They
are, therefore, sold as modified variations under many proprietary names.
They may be used as eutectic mixtures, adductswith low molecul ar weight
epoxies, or as complexes with boron trifluoride. In al cases, their vapor
pressures are reduced and the possibility of skinirritation is also reduced.
Theuseof modified aminesisal so beneficial incontrollingand extending the
pot life of the mixed formulation.

o CH; o
N | i
CH,~CH—CH,—O ? 0—CH,—~CH—CH, + H,;NCH,CH,NHy
CH;
o
—CH2C|HCHZO—©>—?—©—O-CH1(|3HCHZNHCHZCHZNH(FHCHIO—
OH CH; OH s}

|
CH,

CH, Hy HO—CH

c
| I |
—o«@—? O—CHZ—ﬁZHCHZNHCHZCH2NHCHZC|HCH2 ? 0—CH,
CH; (I) OH C

Hs
CH,
HO_(|:H

Figure 2.16. Mechanism of epoxy cured with ethylenediamine.

Primary and secondary aminesof both thealiphatic (straight chain)
and aromatic (benzenoid ring) types react readily with epoxy resins in
concentrations of 10 to 12 phr. An example of an epoxy cure using
ethylenediamineisshowninFig. 2.16. Other aminesreact similarly to give
high mol ecular wei ght thermosetting epoxies.

Curingwith Acidsand Acid-Anhydrides. Organic dicarboxylic
acids and acid anhydrides derived from them are also widely used to cure
epoxies. They will open up the epoxy ringsand crosslink the moleculesby
becomingincorporatedintothestructureasanester (Fig. 2.17) .Oxalicacid,
(HOOC—COOH), the simplest dicarboxylic acid, is used in some coating
formulations. Theseformulationshaveapot life of several daysand may be
cured at 125° to 175°C for 1 hour or longer. Other dicarboxylic acids of the
series HOOC{CH,] .-COOH, where nisgreater than 1, are generally not
used due to their poor solubilities, difficulty in mixing with resins, and
tendency tofoam. Anhydridesderived fromthedicarboxylicacidsaremuch
more commonly used. Compared with the amine-cured epoxies, the anhy-
dride-cured systems are noted for their greater thermal resistance, higher
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heat distortion temperatures, higher glass transition temperatures, and
improved electrical properties. Low dielectric constants, for example, 2.8
to 3, have been achieved with someformul ations. Anhydride-curing agents
are used in concentrations of 30 to 140 phr, depending on the epoxy resin
used and the stoichiometry desired. They usualy require accelerators or
catalysts, without which, they react sluggishly, especially with liquid
epoxies. By adding small amountsof atertiary aminecatalyst (0.1to 5 phr),
epoxy compositions can be formulated that are stable up to 12 hours,
maintaining a low viscosity at room temperature, but curing rapidly at
120°C.1*% |f the epoxy resin contains more hydroxy groups than epoxy
groups, aswith solid Bisphenol A resins, the higher hydroxy functionality
is effective in initiating the reaction without the need for atertiary amine
catalyst. Some commonly used anhydrides are: dodecenylsuccinic anhy-
dride, phthalic anhydride, trimellitic anhydride, nadic methyl anhydride,
hexahydrophthalic anhydride, and chlorendicanhydride.

O,
O=C/ p =0
0 CH; 0
4N | N
CH—~CH—CH,O (E OCH;~CH-CH, +
CH;
Bisphenol A epoxy Phthalic anhydride

+ tertiary amine
catalyst
o}

Il
—vaHz—CIH—CHZO—R—O—CH2—CH—CHZO—E@C—OCHQ—(EH—CHZO—R—OW
HO OH

(0} (6}
Il

WCHZ—(EH—CHZ—O—R—O—H—CHQ—O—QIJ@C—O—CHQ—CHWV—
OH

Anhydride-cured epoxy structure

g
CH;

Figure 2.17. Mechanism of epoxy cured with anhydride.
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Chlorinated and brominated anhydridesareusedinflame-retardant
formulations. One of the most commonly used is chlorendic anhydride, a
very reactive hardener that doesnot requireacatalyst to accel eratethecure,
as do other anhydrides. A discussion of other anhydrides is given else-
where.l®!

d
d -0
- C\/
a-c-cl 0
/
\
d CQO
d
Chlorendic anhydride

Curing with Polyamides. Polyamides, used as epoxy curing
agents, are resinous polymers based on vegetable oils and should not be
confused with the nylon-type polyamides, that have an entirely different
molecular structure.l!* Polyamides used for curing epoxies consist of
condensation polymers of dimerized or trimerized vegetable oils or of
unsaturated fatty acids with polyamines. As epoxy curing agents, polya-
midesshould betreated asaseparate classof amino-contai ning compounds.
Boththeprimary and secondary amino groupsof thepolyamidearereactive
with the epoxy. The hydrogen of the amide group is not sufficiently acidic
or |abileenough to bereactive. Figure 2.18 showsatypical polyamideresin
based on dimerized linoleic acid and diethylenetriamine (DETA). Thefree
secondary aminegroups(circled) providethereactivesitesfor cross-linking
the epoxy chains. The R group may represent another linoleic dimer or a
hydrogenatom.

Latent Curing Agents. Latent curing agents are compounds that
are unreactive with epoxies at room temperature, but decompose into
reactiveaminesat el evatedtemperatures. A notableexampleisdicyandiamide,
“dicy,” asolid amidinecompound that decomposesat approximately 150°C
into active amine curing agents.

HH
HoN— C— NHCN

Dicyandi amide

Theexact curing mechanismissomewhat complex and hasbeen studied by
only afew investigators.[*®]
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Dicy isusedextensively insolution coating formul ationsfor impreg-
nating glass fiber and fabricating epoxy prepreg used for printed wiring
board laminates, for adhesive bonding of electrostatic shieldsor heat sinks
to circuit boards, and for bonding layers of laminates together to form
multilayer circuit boards. A typical solution coating consistsof Epon* 1001F,
dicy, andbenzyldimethylamine. Tertiary aminessuchasbenzyldimethylamine
or quaternary ammonium saltssuch asbenzyltrimethylammoniumchloride
accel erate the otherwise sluggish reaction.

i
C— NHCH2CH2@CH2CH2NHR
o |
[ (CH2)7 |o|
——— A A /——C——NH2
(CH2)7C— NHCH2CH2 @ CH2CH2NHR

Amide group
CH2CH—— CH—— (CH2)4CH3

(CHs
CEHg

Figure 2.18. Linoleic acid-diethylenetriamine polyamide resin.

Ultraviolet (UV) Curing. Epoxy resins that can be cured on
exposureto uv light are also available. The benefits of uv curing over heat
curinginclude: short curecycles, energy conservation, low VOC emissions,
and selective curing by employing a photomask.

Ultraviolet curing involves a cationic mechanism; the epoxy ring
opensupwhenexposedtouv lightinthe presenceof acationic photoinitiator.
The epoxy rings open up, cross linking with themselves or with polyol
compounds that have been added to the formulation. Cationic curing does
not involve freeradicals. Inthefirst step, the photoinitiator, exposed to uv
light, convertsto an acid (a cation or proton donor) that acts as a catalyst.
Commonly used photoinitiators are arylsulfonium hexafluoroantimonate
(Ar3S"SbFg") and arylsulfonium hexafluorophosphate salts (Ar;S*PRy). In

*Epon is a tradename of Resolution Performance Products.
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the second step, the acid donatesits proton to the epoxy ring, activating the
ringand allowingthehydroxyl-contai ning compound (apolyol) toopenupthe
ring and addtoiit. Next the protonisrecaptured by the anionic acid portion,
thus regenerating the acid catalyst. Cross-linking then occurs among the
generated hydroxyl compoundsandtheoriginal epoxy resin(Fig. 2.19). Both
cycloaliphaticepoxiesanddiglycidyl ether epoxiescanbecuredcationically,
but faster cures have been achieved with the cycloaliphatic epoxies. A
comprehensive review of the history and development of cationic
photoinitiators hasbeen authored by Crivello.[2!

UV Light
Ar'MF, H"MF, (Superacid)

Ar = Mixed Aryl Sulfonium
M =P for UVI-6990
M = Sb for UVI-6974

R HPF, + R
O:. _— H—O
HO.
R—QH H—O: H

R

HO R HO R -
. U U + HPF, Cross-linking
\O R —O

Figure 2.19. Cationic cure mechanism for cycloaliphatic epoxies.
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Unlike the acrylates, uv-cured epoxies are not inhibited by atmo-
spheric oxygen, but areinhibited by ammonia, amine-containing acrylates,
other amines, and rhodamine pigments. High humidity conditions also
suppress the rate of curing. When properly cured, coatings have excellent
adhesion. Thesuperior adhesionisattributedtotherelatively low shrinkage,
typically lessthan 5%, compared with uv-cured acrylics where shrinkages
up to 25% are possible.

Epoxiesareformulated to cureto anon-tacky, hard state during uv
exposure, but propertiesof theexposed areascontinuetoimproveeven after
the uv source has been removed. The acid catalyst generated from the
photoinitiator continues to be active and reactants continue to cross link.
Optimum propertiesmay takeup to 24 hoursafter uv exposure. A short heat
curefollowing uv exposureisoften recommended to speed up optimization
of properties and to cure portions of the coating beneath components or
coating that hasbecomeshadowed fromtheuv light by nearby components.

2.6.3 Classification of Epoxy Coatings

Epoxy coatings may be classified into three main categories:
nonesterified sol utions, esterified sol utions, and 100% solidstypes.

Nonesterified Solution Coatings. These are two-part epoxy
systems in which the curing agent may be an amine, polyamide, acid
anhydride, or other compound containing an active hydrogen atom. Many
solution coatingsare prepared by dissol ving high-molecul ar-weight epoxy
resinssuchasEpon 1001F or Epon 1009F insuitableorganic solvents. These
solutions may be further modified with resins such as urea-formal dehyde,
phenol-formal dehyde, or melamine-formal dehyde. Sol ution coatingsmay be
cured at room temperature or at elevated temperatures, depending on the
reactivity and amount of curingagent used. I n heat-curing, careisnecessary
toallow evaporation of solventsthrough aninitial roomtemperatureor low-
temperature exposurefollowed by step curing to the optimum temperature.
The entrapment of solventsand volatiles can be aserious probleminusing
solution coatings. Incorporating pigmentsor fillersassistsinrel easing these
solvents during the cure cycle.

Esterified Solution Coatings. Esterified solution coatings con-
tain free hydroxyl groups along the polymer chain that have been pre-
reacted with organic carboxylic acids. Thus, groups of unsaturated fatty-
acid esters may be grafted onto the epoxy backbone structure according to
several generalized equations (Fig. 2.20). One of the Epon 1000F series
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epoxiesisusually employed asthe epoxy to be esterified with soybean ail,
linseed qil, castor ail, or other unsaturated fatty acid. Driers such as metal
naphthenates, conventionally used for alkyd coatings, are also used in the
esterifiedformulations, hence, both air-drying and bake-typecoatingscanbe
formulated. Bake-type enamelscurein 20 to 60 minutes at temperatures of
60° to 180°C. Theincorporation of unsaturated chainshasthe advantage of
imparting to the resin the more classical air oxidation curing mechanism,
lowering its cost, and achieving properties intermediate between those of
nonesterified types and the alkyd esters. One of the early patents on
esterified epoxies was granted to Greenleein 1948.117]

A I i A

HyC—CH: ?@—O—CHZ?H—CHZ : ~©—0—CHZCH—CH2

CH; OH " CH,4

Epoxy resin
i
+ n[R—C—OH]
Unsaturated fatty acid
CH- CH
3 3
A | | é e

CHy—CH. (IT CH2|C : Hy—C H,

CH3 (l) CHy

=
R

Figure 2.20. Preparation of esterified epoxy resins.

100% Solids Coatings. One hundred percent solids epoxy coat-
ings are one-part or two-part systemsthat are formulated without solvents
or other volatileingredients. A resin of low enoughviscosity ischosen sothat
it functions both as the reactive portion and as a vehicle. Non-solvent-
containing (100% solids) coatings are gaining prominence because of
OSHA and EPA restrictions on emissions of volatile organic compounds
(VOC) into the atmosphere.

2.6.4 Properties

Epoxies, comparedwith other coatingsand polymer types, arenoted
for their high resistance to chemicals, acids and alkalis, organic solvents,
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moisture, and salt spray. They are al so highly abrasion resistant and tough,
finding numerous applicationsas protective coatingswhere harsh environ-
ments are encountered, especially in marine, automotive, and military
hardware. Specially formulated, high-purity formulations also have excel-
lent electrical properties and thermal resistance and are being used as
interlayer dielectricsfor multilayer interconnect substrates.

Thethreepropertiesthat singleout epoxiesfrom other coatingtypes
rendering them very useful for electronics are:

» Excellent adhesiontoawidevariety of substrateswithout
the use of primers and retention of adhesion under many
harshenvironmental conditions

» Excellent resistance to moisture, salt spray, organic sol-
vents, and chemicals

» Good electrical characteristics and stability of these
parameters under humidity and elevated temperature
conditions

Thesedesirablepropertiesareprimarily attributed to thethermoset-
ting and highly cross-linked nature of the cured epoxy structure. However,
this same structure renders epoxies less flexible than other coating types
such as polyurethanes and silicones, resulting in higher shrinkage,
embrittlement, and poor dissi pation of stresses. Flexibility may beintroduced
by the use of flexible hardeners or plasticizers, but often at the expense of
other critical propertiessuch asel ectrical insul ation and moistureresi stance.
Often, a compromise of properties must be accepted for lack of an ideal
insulation coating.

Adhesion. Epoxies are noted for their excellent adhesion to a
diversity of substratesand surface conditions. Adhesionisgenerally attrib-
uted to the highly polar, surface-active nature of the epoxy molecules that
form both strong chemical bonds and mechanical interlocking with the
substrate. Thenumerousether linkagesinanepoxy resin, withtheir available
electronpairs(from oxygenatoms) providesitesfor hydrogenbondingwith
thehydrogenatomsavailablefrommetal, ceramic, or plastic substrates. The
aromatic ether from the bisphenol portion of theresin augmentsthisability
to hydrogen bond because its oxygen is more electronegative owing to
resonance effects of the phenyl ring.[*8! The hydroxyl groups presentin an
epoxy polymer also providel abilehydrogenatomsthat take partin hydrogen
bonding. Each hydrogen bond representsavan der Waal sforceof attraction
of approximately 5 kcal/mole; thus, the very large number of such bonds
account for the high total force of attraction of epoxies with the substrate.
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Additionally, someepoxy ringscan chemically interact with activehydrogen
atoms from the substrate forming chemical bonds. For these reasons,
epoxies are widely employed as adhesives, yielding | ap-shear strengths of
1000 to 5000 psi on a variety of metal or plastic substrates.*¥ Many
properties of epoxies that render them outstanding as coatings, such as
resistance to abrasion, weathering, humidity, salt spray, and impact, are
attributabl e to the adhesion characteristics just described. Epoxies adhere
well toaluminum, magnesium, steel, titanium, beryllium, copper, most alloys,
plastics, and ceramics. The sensitivity of adhesion to rough surfaces and
contaminated or wet surfaces varies with the curing agent employed.
Polyamide-cured epoxies are less sensitive to these situations than are
epoxies cured with other agents. Polyamide-cured epoxy coatings have
been applied in ambients of high rel ative humidity without subsequent |oss
of adhesion. One epoxy-polyamide abl ative coating composition waseven
found to adhere well to aluminum surfaces containing oily residues,?)
although thoroughly cleaned surfaces are always recommended.

Water and Salt-spray Resistance. Another outstanding property
of epoxy coatingsistheir resistance to absorption and permeation of water
and salt spray. Water absorption values generally reported are for 24-hour
immersionin distilled water at room temperature. Under these conditions,
epoxies cured with one of alarge variety of anhydrides, aliphatic amines,
aromatic amines, or boron trifluoride complexeswere found to have water
absorptions in a narrow range of 0.1 to 0.5%. Properly cured epoxies are
stableeveninboiling water and, compared with other polymer types, absorb
only minimal amounts. Of 38 epoxy formulationsinwhichboththeresinand
curing agent proportionswerevaried, theweight gain after 2-hoursimmer-
sioninboiling water ranged from 0.13 to 2.3% with typical valuesof 0.5to
1%.1211 Water absorption val ues, however, may be higher than theseval ues
when non-stoi chiometric quantitiesare used, that is, when alarge excess of
either theresin or the hardener is used such that they remain unreacted in
the cured coating. High valueswill beobtained if the coating isundercured.
Thereisasparsity of dataon long-term water absorption valuesand values
at temperatureshigher than room temperature. However, Leeand Nevil | el®)
show graphsfor epoxiesimmersedinwater for upto5yearsat temperatures
upto 72°C. Mgjor differenceswerereported among DGEBA epoxy resins
curedwith different curing agents; somepolyamide-cured epoxiesabsorbed
up to 7% after 300 days.

Besides moisture resistance, the salt-spray and salt-water resis-
tanceof epoxiesisalso superior tothat of many other coating types. Epoxies
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are used effectively to protect metal enclosures and equipment in marine
environments. Equipment located outside the hull of underwater vehicles
may be adequately protected with epoxy coatings. Laboratory tests, using
aluminum and magnesium panels coated with both air-curing and baking-
type epoxies showed no signs of corrosion or coating deterioration after
being exposed for 800 hoursin salt spray.

Electrical Properties. Epoxies are aso noted for electrical insu-
lating properties that render them suitable for many high-stressinsulation
applications. Properties such as insulation resistance, dielectric constant,
and dissipation factor are fairly stable under a variety of environmental
conditions such as temperatures up to 150°C and relative humidities to
100%.

I nsulationresistance. Thevolumeresistivitiesof epoxies, although
quite high in the dry state (10*? to 10> ohm-cm, or greater for some
formulations), candropto 10° ohm-cm or |esswhen exposed to temperature/
humidity cycling. Thisdeteriorationin electrical propertieshasbeen attrib-
uted to ionic impurities notably chloride, sodium, and ammonium ions,
remaining in the epoxy from its manufacture or from additives and fillers.
These ions become mobile in the presence of moisture and/or elevated
temperatures, thusincreasing the conductivity of the plastic. Purifying the
epoxies or using alternate syntheses haveimproved their el ectrical proper-
ties. Other coatingsthat areinherently purer than epoxiessuch asthe silicones
and fluorocarbonsremained stableover thesamehumidity and temperature
conditions (Fig. 2.21). The reduction in volume resistivity of this epoxy,
however, should not be considered typical of other epoxy formulations.

Changesin volumeresistivity with temperature for a Bisphenol A
epoxy formul ation curedwith diethanolaminearegivenin Table2.8.Volume
resistivity also degradeswith the amount of water absorbed. The electrical
properties of epoxies, however, are much more stable than those of
polyesters or alkyds under the same conditions as was demonstrated by
Graves and Pizzino.[?®! Flat specimens 2 x 2 x 0.125 inch of the cast and
cured materials were suspended over water at 70°C in a sealed container
for variousperiodsof time, removed, andtested electricaly. Initial valuesfor
some epoxieswere greater than 3.2 x 1012 ohms and dropped to 2.5 x 10'?
ohmsafter 7 days, thento 3.5 x 10* ohmsafter 14 days, andto 8 x 10'°chms
after 28 days. Other unfilled epoxiesremained stable at val uesgreater than
10'2 ohms after 28 days of exposure. In contrast, both filled and unfilled
polyesters showed poor performance, some even on only 4 days of
exposure.
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Figure 2.21. Effect of humidity on insulation resistance of polymer coatings.
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Table 2.8. Variation of Volume Resistivity with Temperature for Epoxy-Amine

Formulation(??

Temperature, °C | Volume Resistivity, ohm-cm
23 2.05x 10"
66 1.97 x 10%3
93 9.30 x 10%°
121 2.43x 10°
149 3.68 x 108

Dielectric constant and dissipation factor. Dielectric constants
anddissipationfactorsfor epoxiesarelow, ranging fromapproximately 3to
6and 0.003t00.03, respectively, at room temperatureand at 60to 1000 Hz.
At higher frequencies, dielectric constants decrease slightly. Thedielectric
constantsand dissi pationfactorsfor anovol ac-epoxy formul ation compared
with a Bisphenol A formulation (Table 2.9) showed no significant differ-
ences when measured at room temperature.[24

Table 2.9. Electrical Values for Epoxy Formulations!?4!

Novolac Epoxy*

Bisphenol A Epoxy**

Property Value after Value after
Initial Value 24 hrin Initial Value 24 hrin
Water Water
Dielectric Congant
60 Hz 3.78 3.82 412 4.19
10% Hz 3.74 3.8 4.07 4.15
10° Hz 3.39 3.44 3.55 3.61
Dissipation Factor
60 Hz 0.0027 0.0021 0.0035 0.0043
10° Hz 0.012 0.012 0.015 0.016
10° Hz 0.024 0.025 0.032 0.032
Volume
Resistivity, 3.8x 10" 1.83x 10% 1.81 x 10® 2.31x 10%
ohm-cm

*Cured for 1 hr at 95°C plus 16 hr & 180°C.
**Cured with MNA for 16 hr at room temperature plus 4.5 hr a 150°C.
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Dielectric strength. The dielectric strengths of epoxies, as with
many other polymer coatingtypes, are high. Typical valuesrangefrom 300
to500volts/mil for 0.125-inch-thick samplesand may increaseto 2000 volts/
mil for 1-mil-thick samples. Dielectric strengthsareonly slightly affected by
fillers, regardless of the types or amounts used.!?%

Arc resistance. The arc resistance of unfilled epoxies may vary
from 80 to 100 seconds. Fillershave abeneficial effect, increasing thearc-
resistanceval uesup to 125-225 seconds, depending onthetypeof filler and
hardener used.[?® Thefillersstudiedincludedsilica, mica, zirconiumsilicate,
and hydrated alumina. Other investigators have attained improved anti-
tracking propertiesby incorporating 45—-60% by weight of hydrous magne-
sium silicate powder.1?8l Still further improvement in arc resistance was
achieved by roughening the surface or allowing filler particles to project
partially from the surface.[?”]

Thermal properties. Epoxiesaregenerally stableupto 150°C, but
some anhydride- and aromatic amine-cured formulations are stable to
200°C. Abovethesetemperatures, decomposition, outgassing, and changes
in electrical and mechanical properties occur. The thermal stability of
epoxiesis higher than that of polyurethanes, acrylics, and polyesters, but
lower than silicones, polyimides, and fluorocarbons. Epoxy-novolacresins
are more thermally stable than epoxy-Bisphenol A types because the
methylene linkage of the former is more stable than the isopropylidene
linkageinthelatter.

The percentage of outgassing products after aging at elevated
temperatures is a good measure of thermal stability. As an example, Fig.
2.22 showsthesuperiority of anepoxy over anakyd polyester whenvacuum
baked at 150°C. The amount of outgassing from the epoxy had stabilized
within 4 to 5 hours, whereas volatiles continued to evolve from the alkyd
coating even after 55 hours.[%®]

Figure 2.23 compares the outgassing at 150°C of an anhydride-
cured epoxy with an amine-cured epoxy. Thesampleswere preconditioned
at 100°C invacuum for 7 hours prior to aging at 150°C. In a5-hour cycle,
the amine-cured epoxy evolved lessthan 0.2 ml of gaswhiletheanhydride-
cured epoxy evolved dlightly more than 1.5 ml. In other tests, polyesters
evolvedover 2.5ml and phenolicsandalkydsabout 1.5ml under essentially
the same conditions.[?8l
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Thermal gravimetricanalysis(TGA) and differential thermal analy-
sis(DTA) are excellent methods for determining the temperature at which
a material starts to outgas. Initially small weight losses may be due to
absorbed water, residual solvents, or low-molecular-weight species, but
later, at higher temperatures, decomposition of the polymer and major
outgassing occur. A TGA curve (pyrogram) for an anhydride-cured epoxy
isshownin Fig. 2.24. Pyrograms for other epoxies have been reported by
Ehlers.!?) Thermal degradation of epoxies and other polymers has been
treated by Conley.[30)
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Figure 2.24. Pyrogram of Bisphenol A epoxy resin (100 pbw) cured with methyl
nadic anhydride (80 pbw) and benzyldimethylamine (0.5 pbw).

2.7 POLYURETHANES

Polyurethaneswere among thefirst coatingsto be used for printed
wiring board el ectrical insulation and protection from moisture, salt spray,
and handling. Polyurethanes are also used as potting compounds for
connectors and as vibration-damping fillets for large components. A key
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attributeof most polyurethanesistheability torework defectivecomponents
after acircuit assembly hasbeen conformally coated. Polyurethanes can be
softened and penetrated with ahot solder iron and residues may even act as
aflux in resoldering a new component.

Almost all theearly work and, infact, most of theelucidation of the
basic chemistry of the polyurethanes was performed by Bayer Corp. in
Germany around 1937. Considerable work followed in the United States,
primarily by DuPont, around 1940 resulting in a series of patents on the
reaction products of polyisocyanates with various glycols, alkyd resins,
polyamides, and polyesters. However, it was not until after World War |1
when much of the practical technology developed in Germany was trans-
ferred to the United States, that the commercialization and wide use of
polyurethanesoccurred.!

2.7.1 Chemistry

The urethane technology developed in Germany was based on a
seriesof addition polymersformed from polyisocyanatescalled desmodurs
and polyesters called desmophens. These polymers soon became popular
andwidely used ascoatingsbecauseof their flexibility, toughness, excellent
electrical insul ation properties, and excellent moisture, abrasion, chemical,
and corrosion resistance.

Theparent compoundsfor all polyurethane coatings arethedi- or
polyisocyanates of which the most widely used is tolylene diisocyanate
(TDI). It consistsof 2,4-tolylenediisocyanateor variousmixturesof the2,4-
and 2,6- isomers (Fig. 2.25).

CHg CH3
NCO OCN NCO
NCO
2,4-Tolylene 2,6-Tolylene
dii socyanate diisocyanate

Figure 2.25. Structures for tolylene diisocyanates.
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Methylene bis(4-phenylisocyanate), also referred to as p,p’-
diphenylmethanediisocyanate (M DI) isanother widely used diisocyanate.

Thesebasicisocyanates, however, are not employed assuchincommercial
formulationsbecause of their high vapor pressuresand toxicitieswhich are
due to the free isocyanate (NCO) groups. To lower their vapor pressures
and render them safe, they are modified by co-reacting some of the
isocyanategroupswithapolyol, for example, trimethylol propane (Fig. 2.26).
Trimethylolpropane combines with three of the six available isocyanate
groups, producing an adduct that issafeto work with and that servesasone
part of atwo-part polyurethane system. In this structure, note that three
isocyanate groups are still available for polymerization with other resins
containing activehydroxy! groups.

In summary, thereaction commonto all polyurethane chemistry is
theaddition of ahydroxyl grouptoanisocyanategroupresultinginaurethane
linkage asinFig. 2.27 and polyurethanesasinFig. 2.28.

2.7.2 Classifications

Polyurethanes have been classified and defined according to six
types by the American Society for Testing and Materials (ASTM D-16).
Four of these types are one-part systems and two are two-part systems.
These types are described as follows:

* Typel. One-part, pre-reacted. These are urethane-oil or
uralkydtypesinwhich polyisocyanateshavebeenreacted
with a polyhydric alcohol ester of avegetable fatty acid.
They cure by oxidation at ambient or slightly elevated
temperaturein 5 minutesto 1 hour.

» Typell. One-part, moisture cured. These are resins that
have free reactive isocyanate groups that can cross link
and hardenwith ambient moisture. They areslower curing
than Typel, requiring up to 24 hoursat room temperature
at arelative humidity of over 30%.
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C,Hs— C—— CH,OH +3 OCN CHy —>
CH,OH
NCO
Trimethylopropane 24-Tolylene
diisocyanate
o]
I H
CH,O0—C—N CH3
NCO
I H
CHg— C—CH,— 0—C—N CHs
NCO
[l H
CH,0—C——N CHg
Adduct NCO

Figure 2.26. Preparation of low-vapor-pressure urethane prepolymers.

5 &F 616~
N H
R—N=—C=—0+HOR' —>R—N—C—OR’

Isocyanate Hydroxy A urethane
compound

Figure 2.27. The basic urethane reaction.
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OCN—R—NCO+ HO—R—OH——

Diisocyanate Dihydroxy
compound
O 0O
o | =
R—N—"C—0—R—0—C—N—R

Polyurethane
Figure 2.28. The basic polyurethane reaction.

» Typelll. One-part, heat cured. These are phenol-blocked
isocyanates that rel ease the blocking agent and regener-
ate the reactive isocyanate on heating.

* TypelV.Two-part, catalyst cured. These systemsconsist
of apre-polymer or adduct having freeisocyanate groups
as one part and a catalyst as the second part. Small
amounts of the catalyst will cross link the pre-polymer.
Catalystsmay consi st of monomeric polyolsor polyamines.
Thepot lifeafter thetwo partsaremixedisgenerally short
varying inversely with the amount of catalyst used.

* TypeV.Two-part, polyol cured. Inthistype, thefirst part
isapre-polymer or adduct having free isocyanate groups
whilethesecondisaresinhavingreactivehydrogenatoms
suchashydroxyl-terminated polyestersor polyolssuchas
castor oil.

* Type VI. Onepart, nonreactive lacquers. These are
polymerized urethanesthat arethinned withasolvent. The
systems are characterized by the absence of any signifi-
cant quantity of free isocyanates or other functiona
groups. These resins convert to solid films primarily by
solvent evaporation.

One-part, Oil-modified Systems. Uralkyds (ASTM Type I).
One-part polyurethanes are based on urethanes containing as part of their
structure modified drying oils such as linseed oil and are referred to as
uralkyds, urethaneoils, or oil-modified urethanes. Intheir manufacture, the
oil isfirst partially de-esterified to give a mixed hydroxy ester. The free
hydroxy group of this ester then reacts with adiisocyanate to give the pre-
polymerresin.
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where R represents afatty acid portion containing double bonds, such as

Thisresincannot polymerizefurther throughfreeisocyanategroups
since they have all been reacted, but it can continue to cross link and
polymerizethroughthedoublebonds(ethylenicgroups) availableinthefatty
acid R portion. Through air oxidation, free radicals are formed from the
activemethylenegroupsadjacent tothedoublebondsand several unitsmay
then combine to form high-molecul ar-weight polymers. The addition of a
drying catalyst such ascobalt or manganese naphthenate accel eratestheair
curing so that tack-freetimes of 2to 5 minutes are achieved. More specific
information on the mechanism for thistype of cure may befound in several
references.[A[33 Themainfeatureof uralkyd resin coatingsistheir low cost
compared with other polyurethane types. Thisisdueto the low lost of the
naturally occurring oilsusedintheir synthesis. Likethealkyds, they exhibit
very good moistureresi stance, but aremarginal incolor and glossretention.
Uralkyds are not as extensively used in electrical applications as are the
blocked polymers or the two-part systems (see below).

One-part, Moisture-cured Systems (ASTM Type |I). Mois-
ture-cured prepolymers are formed by reacting hydroxyl-containing com-
pounds such as castor oil, hydroxyl-terminated polyester, or hydroxyl-
terminated polyetherswithanexcessof tolylenediisocyanate. Theprepolymer
adducts so formed have some free isocyanate groups which can then react
withmoisture (Fig. 2.29). Thinfilmsof these prepolymerscureon exposure
toambient moistureby amechanisminvolvingthecross-linking of molecules
throughtheformation of urealinkages (Fig. 2.30). Moisture-cured polyure-
thanes are among the most durable and most abrasion-resistant coatings
known (Tables 2.10 and 2.11). They are widely used as floor, wood, and
appliance coatings. Their usein electronics, however, hasbeen limited due
totheunpredictabletimerequiredto achieveacompl etecurewhich depends
on the ambient humidity. Films, 1-to 2-milsthick, dry tack-freein 20-30
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minutes, but require up to 24 hours at room temperature and aminimum of
30% relative humidity to harden to a full cure. Optimum physical and
electrical propertiesrequire further air-moisture curefor an additional 5to

7 days.

NCO
2 H,C NCO + HO—R—OH ——

Tolylene diisocyanate

NCO NCO

0
o [
HC N—C—O0—R—0—C—N CH,

Prepolymer adduct

Figure 2.29. Prepolymer urethane-adduct formation.

O
—R—N=C=O+*HOH—> R—N C—OI-|—>—RNH2

A transient species Amine

O

—PRNH, + 0=C=N—R— —>» — RNH— C—NHR—

Figure 2.30. Moisture-cure mechanism for polyurethanes.
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Table 2.10. Properties of a Typical Moisture-cured Polyurethanel34

Property Rating
Nonvolatile Content, % 45
Solvent Xylene
Viscosity (bubble) A
NCO-OH Raio 1.65
TDI, % 42.8
Sward Hardness Value 48
Impact >160
Elongation, % >14
Drying Time, hr

Set to touch 04
Tack-free 6.0
Hard dried 6.0

Table 2.11. Abrasion Resistance of Polyurethane Coatings (mg/1000
cycles)3s

. Resin
I socyanate Curing ond E—
Agent ondur } : : ondur
9 TD.80 | E244 | E-262 | E-268 | g on
Modified Alkyd 7
(uralkyd)
Polyether Prepolymer,
moisture-cured 31 29 3
Multron R-12 35 38

One-part, Blocked Polyurethanes (ASTM Type I11). The
one-part polyurethanes most widely used for electrical/el ectronic applica-
tions, especially for wire insulation, are those with blocked isocyanate
groups. To providethemost desirableone-part systemandtoextend potlife,
theactiveisocyanate groupsarerendered latent by reacting themwith other
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organi ccompoundshaving activehydrogen atoms. Inthiscondition, referred
to as a blocked isocyanate, the prepolymer is non-reactive and has an
indefinite shelf life. On heating, the blocking compound splits off, and the
liberated i socyanate can then polymerize using asuitable hardener. Phenol
isthemost commonly used blocking agent, but other agentsinclude cresol,
methyl ethyl ketoxime, butanol, and caprolactam. Thechemical mechanism
for blocking and unblockingisgivenin Fig. 2.31. Thetemperaturerequired
to unblock the phenol adducts is about 160°C which limits their use for
temperature-sensitive el ectronic components. However, they areideal for
wireand coil insulation and for coating other metal or ceramic parts. Other
adducts having lower unblocking temperatures are available, for example,
the malonic ester adduct that unblocks at 130°C.

Blocked isocyanate group

CH, )
H I
N—C—-0 T)
Active isocyanate group
CH;,
Phenol

Figure 2.31. Mechanism for unblocking Type Il polyurethane resins.

Two-part, Catalyst-cured Systems (ASTM TypelV). TypelV
systemsconsist of aprepolymer or adduct having freeisocyanate groupsas
one part of atwo-part system and a catalyst, accelerator, or cross-linking
agent, such as a monomeric polyol or polyamine, as the second part. The
urethane reaction is base-catalyzed and small amounts (0.5 to 4%) of an
alkaline compound may be used to initiate polymerization. Among the
commonly used catalysts are the tertiary amines such as triethylamine,
organo-tin and organo-cobalt compounds (Fig. 2.32). Some of these cata-
lystsmay al so be used to accel erate the cure of other two-part polyurethane
systems, for example, Type V. Although desirable from a manufacturing
standpoint, precautions should be taken that the addition of such catalysts
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doesnot alter critical engineering propertiesof thecoating. Combinationsof
two different catalysts have been found to be more active than either one
used alone. This synergistic enhancement achieved by combining two
catalystshasbeen reported for organotin compoundsand tertiary amines. 36!

H.C, N /Csz
HC N
AN
N—CH,CH,OH
/
H.C
(C: Hy:N
Triethylamine Dimethylethanolamine N, N'-Diethylcyclohexylamine
o)
S
N
(le H.CN(CH,CH,OH), (mCHy);Sn0 — C—CH;
3

N-Methylmorpholine N-Methyldiethanolamine Tributyltin acetate

(o]
(mCH,), Sn —O0—C—CH,/, H,C,NHCH,CH,NHC,H,
Dibutylin diacetate Triethylenediamine
OH OH
HC—CH—CH,/, NCH,CHN \CH,—CHCH,/, Cobalt naphthenate

(A cobalt salt of complex
coal-tar products)
Quadrol

Figure 2.32. Typical catalysts for curing polyurethanes. (Quadrol®is a registered
tradename of BASF Corp.)

Two-part Prepolymer: Polyol (ASTM TypeV). Two-part Type
V polyurethanes are widely used for high-reliability electrical insulating
coatings and corrosion protective coatings. Part A is usually a tolylene
diisocyanateor apolyisocyanate prepolymer, also known asan adduct. Part
B is a hydroxyl-containing resin of which the most commonly used are
hydroxyl-terminated polyesters, polyethers, polyols, castor oil, and some
epoxy resins, thelatter reacting through the free hydroxyl groupsalong the
polymer chain. The polyethers are based on polypropylene oxide and are
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termed polypropyleneglycols. A largevariety of theseglycols, differingin
molecular weight and viscosity, iscommercially avail able.

Both polyethersand polyestersrangefromlong-chainlinear struc-
tures, asinthe generalized formulafor hydroxyl-terminated polyether
to highly branched structures.

HO(l:HCHZOCHz?H — O0—A"\A\N— CHzCliHOCHz?HOH
O_|3 CH3 O"S O"S

Through proper selection, the properties of the coating may bevaried from
highly flexibletovery hard or brittle. Asarule, themorelinear thestructure,
themoreflexibletheresulting film; themorebranched, theharder and more
chemically resistant the coatings will be. Almost all the polyethers and
polyesters are hygroscopic and capable of absorbing as much as 2% by
weight of water under high-humidity conditions. With proper containment
and storage, moi sture absorption can bekept to aminimum. Theisocyanate
part A is also sensitive to moisture. Water reacts with the free isocyanate
groupsrel easing carbon dioxide and forming an amine compound whichis
al soreactivecombining readily with morefreei socyanateto givesubstituted
ureapolymers. Thereleased carbon dioxide can al so cause bubblesto form
inthecoatings. |nsummary, moisturemust beexcluded becauseit competes
with part B for the free isocyanate groups of part A.

Castor oil is a good choice for curing isocyanates resulting in
excellent insulating and protective coating properties. However, oil-based
coatingsshow strong yellowing and are, therefore, used primarily asprimer
coatings.

One-part, Non-reactive Systems (ASTM Type VI). These
polymer solutions(lacquers) arepre-reacted and thinned with solventssuch
asalcohols, methyl ethyl ketone, toluene, or N-methyl-2-pyrrolidone. They
may al so be purchased asanioniccolloidal urethaneelastomericdispersions
inawater/solvent sol ution. Thesecoatingsareprimarily used asimpregnants
for fabrics, leather, and paper and asprimersand topcoatsfor other plastics.
Type VI urethanes are not generally used for coating electronics.

2.7.3 Properties

Polyurethaneswere among thefirst polymer coatingsto be used as
conformal coatingsfor the protection of printed circuit boardsand continue
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to be favored. They excel in abrasion resistance (Table 2.12), toughness
(Table 2.13), humidity resistance, adhesion to a variety of surfaces, and
retention of their excellent electrical insul ation propertieseven after the 10-
day humidity/temperature cycling test of MIL-1-46058. Typical electrica
propertiesfor some polyurethanecoatingsaregiveninTable2.14. Polyure-
thanes may be cured at room temperature for extended periods of time or

at moderately elevated temperatures for several hours.

Table 2.12. Abrasion Resistances of Polyurethanes Compared with Other

Coatings 37139

Coating Type

Taber Wear Index (mg/1,000 cycles)

Polyurethane, Type 1* 43-155
Polyurethane, Type 2 28-33
Polyurethane, Type 5 60
Alkyd 147
Vinyl 85-106
Amine-catalyzed Epoxy Varnish 38
Epoxy Polyamide 95
Phenolic Varnish 91-172
Epoxy Ester 116121
Chlorinated Rubber 220

*Types defined under Classifications and Properties.

Table 2.13. Toughness of Polyurethane and Alkyd Coatings!®7]

Coating Type Energy of Rupture, in -b/in®
Polyurethane, two-part system 4,000-8,000
Polyurethane, one-part system 1,000-2,000
Alkyd 200-600
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Table 2.14. Typical Electrical Properties of Polyurethane Coatings

® ®

Electrical Property anEa_I {]fgse Cg?_trf&e
Insulation Resistance, ohmsinitia @ 13 13
RT and 50% RH >2.5x10 25x10
Insulation Resistance, ohms after 10 10 10
days 65°C/95% RH 6.1x10 13x10
Volume Resitivity, ohm-cm @ 25°C 5.66 x 10 1.5x 10%°
Dielectric Constant, 1 MHz 3.21 2.7
Dissipation Factor, 1 MHz 0.0162 0.020
Dielectric Withstanding Voltage, No flashover or No flashover or
1500 V ac breakdown breakdown
Dielectric Strength, V/mil 3000 (2-mil film) | 3500 (1-mil film)

Values are typical and not intended for specification purposes.
Conathane® isa registered tradename of Cytec Industries. (Courtesy Cytec
Industries.)

2.8 SILICONES

Silicones constitute a unique class of polymers dueto their semi-
organic structures. They are distinguished from other organic polymersin
having asilicon-to-carbonbackbonestructureinstead of thenormal carbon-
to-carbon structure. Because of this unique structure, silicones possess
much higher thermal resi stance than other polymersand, at the sametime,
possess and maintain excellent electrical properties at high temperatures
and under humid conditions. A seriesof ultra-puresiliconesweredevel oped
for the electronics industry in the early 1960s and today find extensive
applications as circuit board conformal coatings, semiconductor junction
coatings, encapsulants, and adhesives.

2.8.1 Chemistry

Unlike other polymers, silicones are not entirely organic. Chemi-
caly, silicones consist of aternate Si and O atoms linked to organic
sidegroups such as aliphatic or aromatic hydrocarbons and, as such, are
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more accurately classified as semi-organic. The —Si—-O-Si—O- backbone
structureisreferredto assiloxane. Thegeneral structurefor alinear silicone
polymer isrepresented inFig. 2.33.

||?1 'Tl
—39—0—9

| |

R2 Rz

Figure 2.33. General structure for a linear silicone polymer.

Inthisstructure, thegroup R; may bethe sameasor different from
R,. These appendages may represent any one or combination of organic
groups such as:

* methyl (CHy)

* phenyl(CsHy)

+ alyl (-CH,CH=CH,)

* vinyl ((CH=CH,)

* trifluoropropyl (-CH,—CH,CFy)

Silicone polymers are classified by the nature of these side groups accord-
ing to ASTM D1418 (Standard Practice for Rubber and Rubber L attices-
Nomenclature) asfollows:

Q Siloxane

MQ Dimethyl Siloxane
PMQ Methyl Phenyl Siloxane
VMQ Methyl Vinyl Siloxane

PVYMQ Methylphenylvinyl Siloxane
FVMQ Fluoromethylvinyl Siloxane

Silicone chemistry was devel oped inthe early 1940s at General Electricin
Schenectady, NY, and at Corning in Corning, NY, and has been modified,
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improved, and commercialized over theyearsby both General Electricand
Dow Corning.

Thebasicsiliconeresinsare prepared in several stepsstarting with
the partial or complete hydrolysisof alkyl- or arylchlorosilanes by reaction
with water. The starting materials, for example, may be mixtures of
trimethylmonochl orosilane, dimethyldichl orosilane, and methyltrichlorosilane.
Inthismixture, thedimethyldichlorosilanedominatesandisseparated from
theothersby fractional distillation. Hydrolysisof thealkyl- or arylchlorosilanes
resultsinitiallyinsilanol sthat readily condenseinthepresenceof acid or base
catalyststo givepolysiloxaneoligomerd“3-142 (Fig. 2.34). Theseresinsare
commercially availablefor further processing and applicationtoelectronics.
Thecross-linking of linear polymers, or thefurther cross-linking of partially
cross-linkedresinsusing heat, catalysts, or both, resultsin curingto produce
elastomeric or rigid coatings, encapsulants, or adhesives.

There are essentially two cure mechanisms for silicone resins:
condensation cure and addition cure.

R R
R—Sli—R HO, R—di—r
(ljl (l)H R R
Monochlorosilane Silanol —'VW-SIi—O—Sli—R
kR
R R R R
| no | -H,0 | PN NN
Cl—8i—Cl —/——> HO—8i—OH ——————— —w—31 i
R lll R R
Dichlorosilane Disilanol R R
~HO, —'vw—O—éi—O—Si—O—'wv—
R R R (I)
Cl—Sli—Cl ﬂ) HO—éi—OH R—?i—R
Cl (l)H 0

Trichlorosilane Trisilanol

Silicone resins

Figure 2.34. Synthesis reactions for silicone resins.
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Condensation-cured Silicones. According to the condensation
mechanism, hydroxyl-terminated silicones react with other hydroxyl-con-
taining silicone speciesor with alkoxy silanes. In this process, either water
or an alcohol iseliminated asaby-product. Asan example, the mechanism
for curingahydroxyl-terminatedsiliconeresinwith propyl orthosilicateinthe
presence of a catalyst is shown in Fig. 2.35. Curing occurs at room
temperature or at elevated temperatures in the presence of specific
catalysts, such asdibutyltin dilaurate, zinc naphthenate, iron octoate, stan-
nousoctoate, or themetal saltsof other organic acids. Aminecatalysts, such
as triethanolamine, may also be employed. Silicones prepared by this
procedure are referred to as room-temperature vulcanizing (RTV) types.
After mixinginthecatalyst, they polymerizeand cureat room temperature,
generally ina24-hour periodfor optimum properties, but their curesmay be
accelerated by elevating the temperature.

R R R R
. . /I\\\ PaeN | . | .
—'VW—O—S[—O—SI—(QH S~ - H9)—SI—O—SI—O—'VV\'—
[ ™~~.p0  O\Pr_.~" |
R R SV v R R
Si
R R Pha) I~ R R
| _~"PrS0  O/Pr~~_ | |
—v—0—Si—0—Si—S0H -~ ~~. _HOPSi—0—Si—0—va—
| v Propyl orthesilicate S |
R R R R
Hydroxyl terminated +
silicone resin catalyst
R lll ]T R
—'vw—O—Sl—O—?i\ /|Si—O—Sl—0—’VW—
R R O\S‘ AR R
i +4 PrOH
R R 7 N\, R R
I | /O 0\| | Propanol
—'\M—O—SI—O—Ti |Si—0—?l—0—’\~\'—
R R R

Cured silicone

Figure 2.35. Condensation polymerization of silicones.

A simpler condensation cure mechanism, widely used today for
conformal coating of microelectronics, startswith asiliconeresininwhich
the hydroxyl groups have been converted to alkoxy groups, for example,
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methoxy. These one-part systems polymerize by reacting with ambient
moisture, releasing the alcohol, and linking the chains (Fig. 2.36). An
originally introduced moisture-curedresin, inwhichthehydroxyl groupwas
converted to acetoxy, is now seldom used for electronic applications
because of the many failures caused by the rel ease of corrosive acetic acid
astheby-product. Therel eased acetic acid corroded thin-filmmetallizations
and chromium and cadmium plated parts, especially when confined in a
sealed enclosure.

I R
—Si —0—CH, —— —Si—O0—H + 2CHOH

| HO |

o ?

| -nH,0

CH, H l :
: 1

—S[i—O—Sli—O—

0O

Figure 2.36. Condensation mechanism for moisture-cured silicones.

Addition-cured Silicones. Dimethyl siloxane polymers may also
cure by a free-radical mechanism involving addition polymerization in
which no by-products are eliminated. In such cases, the siloxane polymer
must be terminated with an unsaturated group such asvinyl or alyl. Cross
linking occurs through the formation of free radicals using a catalyst as a
free-radical initiator. Two addition-cure mechanisms are reported. Both
requireavinyl end-blocking group on one of the silicone constituents. The
mechanism for curing amethyl vinyl siloxane using a peroxide catalyst is
shown in Fig. 2.37. Dichlorobenzoy! peroxide, benzoy! peroxide, di-
tertiarybutyl peroxide, and dicumyl peroxidemay beused. Onheating, each
molecule of the peroxide catalyst, generically represented as R—-O-O-R,
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dissociates into two free-radicals (Step 1). One of these free radicals then
addsto thevinyl group of thesiliconeresin (Step 2) creating acarbon free-
radical. Thelatter, on contactingamethyl group from aneighboring polymer
chain, abstracts a hydrogen atom and creates a methyl free radical.
Simultaneously, the OR group is released as a free radical. There now
remainsan ethyl free-radical sidegroup on onepolymer chain and amethy!|
free-radical group on the other, that instantly couple to form a cross-link
betweenthechains (Step 3). Notethat thefreeradical from the peroxidehas
been regenerated andis, of course, availableagainto repeat the process. By
asimilar mechanism, dimethyl polysiloxaneresinscan becrosslinkedwith
aperoxide-initiated free-radical cure(Fig. 2.38).

A second addition cure mechanism also starts with a vinyl end-
blocked siloxaneprepolymer, but crasslinkswithamethyl silanepolymerin
the presenceof aorgano-platinum or organo-rhodium complex catalyst and
heat (Fig. 2.39). The platinum complex serves as a free-radical initiator
opening upthevinyl group of thefirst siliconepolymer andallowingittoadd
to the second.

Siliconescured inthisfashion arealsoreferred to asheat vul caniz-
ing types. They are of specia interest for many electronic applications
because no water, alcohol, or other by-products are released during their
cure.”®l Addition cureformul ationsrequireel evated temperaturesto obtain
full cure in ashort and predictable time (cure schedules may range from a
few hours at 100°C to 20 minutes at 150°C). Addition-cured silicones,
however, are susceptible to the cure being inhibited by contaminants such
asfluxesand solder residues. Aminesand organosul fur compoundsareal so
knownto poisontheplatinum catalyst andinhibit thecure. Further detail sof
the chemistry and cure mechanisms of these and other silicones are given
intheliterature,[441-146]

Silicone Alkyds. Silicone alkyds are resins in which the silicone
structure has been chemically combined with an alkyd polymer. They can
beprepared by reacting glycerol withasiliconeester or withasilanol instead
of with the fatty acids normally used in preparing alkyds.[*"]

HmH2|CHCHzOH + R3S.%H5 —_—> HOCHZ|CHCHzOSR3 + CszoH
OH OH
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Stepl. R—O—O0—R—>RO + RO
Peroxide Heat Freeradicals

CHs CHs
Step2. H,C— g— o—ls—o—/\/\:— + ROT ——>
o o
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Vinyl-terminated methylsiloxane CHs CHs
HyC—S— O— ls— o—W—
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CHs CHz CH3
Step 3. H3C—|S—O— '34\/w— + J\/\,—lg_oq\/\,_
oo b b
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o
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Cross-linked addition polymer

Figure 2.37. Free-radical addition mechanism. Polymerization of vinyl-termi-
nated siloxane catalyzed by peroxide.
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Stepl. R—O—O—R—>RO + RO

Heat
Peroxide Freeradicals
(|3Hs
Step2. J\/\r?—OJVV—J' RO’
CHs

Dimethylsiloxane
CH,
J\/\,—ls— 0 —/\\—+ROH
o,

Methy| freeradicals

T T
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CH,’ (|3Hz
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Cross-linked addition polymer

Figure 2.38. Free-radical addition mechanism. Polymerization of dimethyl
polysiloxane catalyzed by peroxide.
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Other silicone diesters and hydroxyl-terminated silicones may be
used to give structures such as

T
HOCI—|2(|3HCI-|2 ls— c1-|2|o-|cl-|20H
OH R OH
n

Phthalicanhydridemay then becondensed with theseproductstoyieldhigh
molecular weight, highly cross-linked silicone alkyds of which atypical
structureisgiveninFig. 2.40.

I i i
—A\—0—cC c— OCH2(|:|-|0-|20 Tq— O CH,—M—
[ n
=0
C=o0

Figure 2.40. Typical structure of a silicone-alkyd polymer.

Numerousmaodificationsof thisbasic chemistry arepossible, giving
rise to a multitude of proprietary silicone akyd coatings. Silicone-alkyd
coatingshavegreater flexibility, hardness, and thermal stability thanalkyds,
but lack thehighthermal and oxidativeresistanceof theunmodified silicones
and must, therefore, beconsideredintermediatein properties. Neverthel ess,
these intermediate properties are considered important in achieving a
compromise between thermal stability and ease of handling for many
applications. Silicone-alkyd coatings are widely employed as moisture-
barrier and corrosion-protectivecoatingsfor electronic componentssuchas
resistors, transistors, and integrated circuits.
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Halogenated Silicones. Aswith epoxies, silicones may be chlori-
nated or brominated to render them non-flammabl e or lessflammablethan
their non-hal ogenated counterparts. Chlorinated di pheny! siliconeand me-
thyl chlorophenyl silicone are examples that have been synthesized and
characterized.[®l

2.8.2 Properties

Silicones range from soft (quasi-liquid) gelsto hard coatings. For
two-part systems, the hardness can betail ored by changing theratios of the
components. Silicones may be either solvent-based or solventless (100%
solids) and either one-part or two-part systems. For el ectronic applications,
theone-part, solventless(100% solids) formulationsarepreferred. One-part
silicones generally cure by exposure to ambient moisture. A full cure may
requirefrom 24to 72 hours, however, after aninitial moisturecure, thecure
may be accel erated by mild heating at 60-80°C and raising the humidity to
75%. Solvent-based silicones and heat-cured systems (1015 minutes at
105-110°C) provideimproved abrasion resistance. Sol vent-based systems
sometimes result in stresses and cracking or crazing of the coating and
breakage of interconnect wires due to rapid solvent evaporation and
shrinkage. Thus, the solventless formulations are preferred.

Thermal Properties. Because of their silicon-to-oxygen back-
bonestructure (-Si-O—Si—0O-), siliconesenjoy bothvery low (-100°C) and
very hightemperature (300°C) stability and better thermal -oxidativestability
thantheir totally hydrocarbon counterparts.!“?! For wireinsul ation, silicones
have been classified as ClassH insulation; that is, they may be used safely
up to 180°C for long periods of time (5 to 10 years)[®¥ (Fig. 2.41).

Before the introduction of silicones, electrical applications were
limitedto 130°Cor less(ClassesA and B). Sufficient dataarenow available
to show that thelife expectancy of equipment insul ated with silicones may
be increased a hundredfold over Class B-insulated equi pment.

Electrical Properties. The electrical properties of silicones are
superior to those of most polymer types, including many epoxies. For
example, dielectric constants at room temperature and 100 Hz, for alarge
number of commercial siliconeformulations, lieinarather narrow range of
2.810 3.8. At higher frequencies, temperatures, and humidities, very little
change occursin either the diel ectric constant or dissipation factor. In fact,
unlike many plastics, values may even decrease with increasing tempera-
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ture (Figs. 2.42 and 2.43). The dielectric constant, €, for Dow Corning
Sylgard® 183, for instance, drops from 3.3 at room temperature to 2.6 at
200°C.15U Sjlicones have been aged at 300°C for 1000 hours with little
changein dielectric constant. Dielectric breakdown voltages for silicones
arehigh, ranging from 500 to 2000 volts/mil, depending ontheformulation
andthicknessof thefilm. Volumeresistivitiesareall 10*>ohm-cmor higher.
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Figure 2.41. Insulation classes and their relationship to life expectancies."]

Other Properties. Because of their low surface tension due to
hydrocarbon groupsappendedtothesiliconatoms, siliconeshavelow water
absorptionsand repel water and, assuch, arewidely used aswater repellents
inmany military and commercial applications. Paradoxically, inspiteof their
low water absorptions and water repellent properties, silicones have high
Moi sture vapor transmission rates.
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peratures. (Courtesy Dow Corning Corp.)
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*Discontinued.
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Silicone coatingsaretransparent or translucent, but small amounts
of ultraviolet indicator may beincorporated to facilitateinspection under a
black lamp.

Silicones and parylenes are among the purest of known polymers.
They contain little or no chloride, sodium, or potassium ions nor other
deleterious ions or by-products. Both have a long history of use in high-
reliability applications such as spacecraft, medical implants, automotive
circuits, and military hardware. Siliconeshave been used for many yearsas
moisture barrier conformal coatings for printed wiring assemblies and are
one class of coatings specifiedin MIL-1-46058. They are also widely used
in semiconductor applications as junction coatingsto relieve and dissipate
thermal mechanical stresses.

In summary, the key attributes of silicones are:

* Lowandhightemperaturestability withauseful liferange
generally of -54° to 204°C. Some formulations are ther-
mally stable even at 316°C for short periods. Others
maintain their resiliency and other properties as low as
-115°C.

» Low modulus of elasticity, thus affording thermal stress
relief.

» Alphaparticleprotection.

» Excellent moisture resistance.

» Excellent electrical properties over a wide temperature
and frequency range.

* Highpurity.

¢ Inherent non-flammabhility.

» Resistant to ozone and corona.

» Resistant to ultraviolet and other radiation.

Therelatively high cost of silicones, compared with other polymer
coatings, coupled with their low tensile and tear strengths have been
drawbacksfor some applications. Table 2.15 givestypical valuesfor some
Dow Corningsilicones.

Sometypical applications of silicone coatingsfor electronic hard-
wareinclude:

 Circuit board conformal coatings.

» Semiconductor junction coatings.
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* Wireand cableinsulation.
 Electroniccomponent protectivecoatings.

» Impregnating varnishesfor coils(stator, rotor, generator,
transformer).

» High-temperaturestable, corrosion-protective paints.
» Ablativecoatings.

* Insulating coatingsfor power supplies, connectors, relays,
and magnetic amplifiers.

» Gel coatingsfor integrated circuits.
* Mold release agents.
» Water repellents.

Other non-coating applications include adhesives, lubricants, and potting
compounds. Table 2.16 listsanumber of commercially availablesilicones,
their properties, and uses.

Silicone Gels. High-purity silicone gels were extensively studied
asprotectivecoatingsand encapsul antsfor bare-chip devicesand multichip
modules and found to be essentially stress-free and compatible with the
devices.[53-158 However, because of their softness, silicone gelsneed to be
contained. It was also reported that migration of low-molecular-weight
species contained in the gel migrated to other parts of the module. These
almost molecular layers can affect the adhesion of subsequent adhesive
bonding operations and can contaminate optics and sensitive instruments.

Other soft siliconesareused asstressrelievingjunction coatingsfor
epoxy encapsul ated, wire-bonded semi conductor devices. Junction coatings
are soft, elastomeric materials designed to preserve the dielectric integrity
of thesemi conductor p-njunctionsand wire-bond sitesand relievemechani-
cal stressesthat may beimposed by overmolding with epoxy encapsulants.

Block copolymersof siloxaneswith a-methyl styrene are solvent-
solublecoatingsthat have been used for particleimmaobilizationin hermeti-
cally- sealed hybrid microcircuitsand other sealed deviced> (Seealso Ch.
4“Applications’). Silicone gels and other inherently tacky silicones have
also been used as particle getters. They have been used to coat the inside
of alid prior to sealing ahybrid circuit or multichip module so that particles
that may have been trapped or | ater generated withinthehermetic enclosure
may be gettered!>® (see also Ch. 4).



Table 2.15. Selected Properties for Some Dow Corning Silicone Coatings

Tack-free

Dielectric

. . Specific - Dielectric Volume Dissipatio
Designation Type (\:/::t:?;otl);e Gravity, T'g.? @ Ticr:nuerehr Strength, C.Og%é‘ Resistivity, Factor
glcc minutes V/mil KHz Q-cm @ 100 kH
1-part
3-1753 RTV 385 0.99 8 24 @ 25°C 380 2.26 1x 105 <0.001
solventless
1-part
3-1765 RTV 150 1.03 8 24 @ 25°C - 2.25 2.1x 10" <0.001
solventless
1-part
3-1744 RTV 60,000 1.04 15 24 @ 25°C 590 2.29 2.5x 10% <0.001
solventless
1-part
3140 RTV 30,000 1.03 70 72 @ 25°C 445 2.52 2.1x10% <0.001
solventless
72 @ 25°C
1-part or 13
1-2577 in solvent 725 1.04 20 10 @RT + 400 2.74 5x10 <0.001
10 @ 80°C
1-2577 Low 1-part o 14
VOC in solvent 1250 0.88 20 72 @ 25°C - 2.33 1.9x 10 <0.001

(cont'c



Table 2.15. (cont'd.)

Visosity. | Spesific TTﬂgE@ee cure | Digtectric | QIEEC | vojume | Disspation
Designation Type Centipoi);a Gravity, RT Time. hr Strength, . @ 100’ Resistivity, Factor
glcc minutes V/mil KHz Q-cm @ 100 kHz
1-2620 L-pat RTV 135 1.00 20 72@25°C | 450 2.54 7.4x10% | <0.001
in solvent
1-2620 Low 1-part RTV o ) ) ) )
VoG i solvent 250 0.88 20 72 @ 25°C
Q1-4010 1-part heat 830 1.00 Not 15 min @ 530 2.66 5.8 x 10% <0.001
cure applicable 110°C
solventless
1-4105 1-part heat 470 0.97 Not 10 min @ 500 2.63 2.7x 108 <0.001
cure applicable 105°C
solventless
3-1944 1-part 60,000 1.03 13 10 minto 4 425 2.12 1.3x 101 < 0.0002
moisture hrs @ RT
cure
solventless

Corp.)

Note: Vauesare typicd and not intended for specification purposes. Contact Dow Corning for further information. (Courtesy Dow Corning
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Table 2.16. Typical Silicone Coatings: Properties and Uses

Coating

Propertiesand Uses

Dow Corning 1900 Series

100% solids, one-part conformal coatings, low
VOC emissions, moisture/condensation cure at RT

Dow Corning Q3-6636 and
Dow Corning Q3-6575

Dielectric gelsto sed and protect microdectronic
devices, temp. range from —80° to 200°C

Dow Corning 997

Coating and impregnating varnish for motors and
transformers, reliable to 220°C

Dow Corning 1-2577

One-part, moisture-cure, conformal coating for
rigid and flexible circuit boards, porous substrates
and thick-film drcuitry, resistant to uv, meets MIL-
1-46058C

Dow Corning 94-003

A fluorosilicone dispersion coating to control
corrosion

Dow Corning 96-082

Impregnant for high-voltage coils, transformers,
and general purpose applications where long pot
lifeiscritica

Dow Corning HIPEC* 648

A 50% solids resin in xylene used in high
temperature, high voltage applications,
semiconductor passivation, and as an o particle
barrier

Dow Corning HIPEC R-6101
and HIPEC R-6102

Solventless semiconductor junction coatings,
protect 1C and hybrid circuits, LED displays, and
optoelectronics, o particle barrier

Dow Corning Sylgard* 170

Impregnant for high voltage transformersand coils,
general purpose RTV encapsulant and potting
compound for electronic and electrical circuits

Dow Corning Sylgard 184

Solventless resin with long pot life, general
purpose RTV coding

Dow Corning Sylgard 527

Primerless gd to seal and protect delicate
electronics and as aparticle getter in hybrid
microcircuits

Dow Corning Silastic* 734

A one-part, RT-curing, self-leveling coating for
mechanical devices and electrical terminals

G.E. SR-17M

Genera purpose dipping and impregnating varnish
used on transformers, coils, flexible tapes, and
rotating equipment

*HIPEC, Sylgard, and Silastic are registered trademarks of Dow Corning.

(cont'd.)
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Table 2.16. (cont'd.)

Coating

Propertiesand Uses

G.E. SR-32

A 60% solids resin in tol uene used in flexible
electrical tapes and as an electrical insulating
varnish. Thermally stable from -40° to 220°C with
5 to 10 minute surges up to 370°C

G.E. SR-80M

Air drying varnish used over 105° and 130°C
insulation to protect from moisture, corrosve
chemicals, and dust

G.E. SR-98

Varnish with good high temperature strength,
hardness and abrasion resistance, used for bonding
coils and insulating materials

G.E. SR-112

A 50% solids resin in xylene used for high heat and
weather-resistant coatings and in formulations for
resistor coatings

G.E. SR-125

A 50% solids resin in xylene used in resistor
coatings and as apaint resin, has flexibility and
excellent thermal shock resistance

G.E. ECC4865

A dear, one-part solventless, thermal curing PWB
conformal coating, compatible with abroad range
of clean fluxes and solder pastes

G.E. EJC301

Transparent, one-part, low viscosity silicone
electronic junction coating

G.E. EJG3175

Black addition cure gel for éectronic junction
coating

G.E.RTV-11

A white two-part condensation cure elastomer for
protecting switches, components, and coils from
moisture, dust, and shock

Wacker SWS 960

A RTV dispersion coating, cures at RT without
acidic by-products

Wacker RTV T-84

A one-part RTV, uv-fluorescent protective coaing

Wacker T-12

A two-part coating, cures on exposureto air

Wacker T-162

A one-part water repellent coating

Wacker Semicosil Gel

Encapsulant and dip coating for semiconductor
chips

(cont'd.)
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Table 2.16. (cont'd.)

Coating Propertiesand Uses

One-part, Pt catalyzed vinyl methyl silicone for

NuSil R-1400 microchip coating and encapsulation

Polyvinylmethy! silicones, solventless, peroxide

NuSil R-4701 and 4721 heat cured

One-part, RT, moisture cure used asathermd

NuSil R-1007 .
control coating

One-part, high strength RTV dispersion coating,

NuSil R-1010 moisture cure, may be sprayed, dipped, or brushed

One-part RTV dispersion in trichloroethane
NuSil R-1075 solvent, used as conformal coating for printed
circuit boards

Ultraviolet cured conformal coating, no solvents,

Loctite 5293 low VOC, used for automotive electronics, UL -
746C approved

Loctite 5296 Heat-cured conformal coating for automotive
electronics

One-part moisture-cure, clear conformal coating

dH *
Transene Silicoat for PWBs, full cure 12 hrs @ RT, xylene thinner

Self-catalyzed semiconductor junction coating for

Transene SSE* ICs, diodes, transistors, and rectifiers, cure 4 hrs @
200°C
One-part semiconductor junction coating, self-
Transene MBS* catalyzed, cure 15 min. @ 125°C plus 24 hr @
150°C

One-part semiconductor junction coating for
rectifiers applied by transfer, dipping, or vacuum
impregnation, cure 0.5 hr @ 90°C plus4 hr @
200°C

Two-part, catalyst cured, RT cure or elevated temp.
to 200°C, coating of motor leads, cable junctions,
modules, relays, power supplies, amplifiers,
transformers, and connectors

Transene Trandastic* S-2007

Transene Transplastic RTV 111

*Transene Silicoat, SSE, MBS, and Trandlastic are registered tradenames of Transene
Co., Inc. Note: These silicones represent only some of the formulations available from
the suppliers.
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Room TemperatureVulcanizing (RTV) Silicones.Early silicone
formulations required cures of over 24 hours at 120°C or higher. The
introduction of the RTV silicones was a major step in reducing these
extensivecuring schedul esand expanding theuseof siliconesinelectronics.
TheRTYV designationwasfirst used by General Electricinreferencetotwo-
part silicones that, after mixing in a catalyst, could be cured at room
temperature or at slightly elevated temperatures, obviating the need to
expose sensitive electronic assemblies to high curing temperatures. The
term RTV is now used more generically to encompass any silicone, either
one- or two-part, that can be cured at room temperature. Hence, the
moisture-cured, one-part silicones are also referred to asRTV's. Although
the curetimeisgiven as 24 hours at room temperature, aseven-day cureis
recommended to achieve optimum properties. Cure time can be shortened
by curing at temperatures up to 93°C.

Room temperature vulcanizing silicones are available in a wide
range of viscositiesand are generally 100%-solid types of various viscosi-
ties. They are most useful as potting compoundsfor connectors, transform-
ers, and asthick coatingsfor electronic circuits. Some high-viscosity RTV
siliconesmay, if thinned with compatibl esol vents, beused ascoatings. Inthe
two-part formulations, the curing agent (catalyst) isametal salt of along-
chainfatty acid andisusedinconcentrationsof 0.1to 1% by weight. Higher
catalyst concentrations provide faster cures, but also reduce the pot life of
the mixture. Examples of commonly used catalysts include: dibutyltin
dilaurate (DBT), lead 2-ethylhexoate, and stannous 2-ethylhexoate.

Besidestheir easeof applicationand curing, RTV siliconeshavean
advantage over other polymersin their ease of removal for the rework and
repair of faulty electronics. Sincethey arerubbery and soft, they may be cut
away, softened with halogenated solvents and mechanically removed, or
dissolved with some solvents.

Aswith other silicones, the electrical properties of RTV silicones
areextremely good at room temperature and also at very low and very high
temperatures. The effects of thousands of hours of aging at 200°C are
showninFig. 2.44. Thephysical and el ectrical propertiesfor RTV silicones
from three manufacturers are given in Tables 2.17, 2.18, and 2.19.
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Table 2.17. Typical Properties of Some Dow Corning RTV Silicones

Property Sylgard* 170 | Sylgard 184 Sylgard 186 3110 3140
Viscosity at 25°C, cps 2,900 3,900 65,000 13,000 30,000
Specific Gravity at 25°C 1.37 1.03 1.12 114 1.03
Pot Lifeat 25°C, hr 15 min >2 2 na na
Cure Schedule, hr/°C 24 /25 48/25 48/95
20 m!n/70 45 m!n/100 30 min/100 room temp. 72/25
15 min/85 20 min/125 15 min/150
10 min/100 10 min/150
Useful Temperature Range, °C -45 to 200 -45to 200 -45 to 200 -55t0 200 -45 to 200
Hardness, Shore A Durometer 40 50 24 45 32
Thermal ConductivitX (25° to 100°C), 9.6 4.3 4.3 5.7 4.3
cal/cm - sec °C x 10°
CTE, ppm/°C 270 310 330 na 315
Dielectric Constant
at 100 Hz 3.17 2.65 2.93 2.29 2.52
at 100 kHz 3.16 2.65 2.87 2.20 2.52
Dissipation Factor
at 100 Hz 0.003 0.0005 0.0012 0.010 0.004
at 100 kHz <0.001 <0.001 <0.001 0.0010 0.001
Dielectric Strength, V/mil 480 540 450 434 445
Volume Resistivity, ohm-cm x 10 0.31 1.2 11 0.73 2.1

* Sylgard is aregistered tradename of Dow Corning Corp. Note: Values are typical and not intended for specification purposes.

Contact Dow Corning for further information. (Courtesy Dow Corning Corp.)




Table 2.18. Typical Properties of Some General Electric RTV Silicones

Property RTV 112 RTV 212 RTV 8111 RTV-312 RTV-615°
Viscosity at 25°C, ¢ps 11,000 26,000 9,900 25,000 4,300
Specific Gravity at 25°C 1.19 1.32 1.18 1.42 1.02
Work Timeat 25°C, hr 15 1 0.5t00.75 2 4
Cure Schedule, hr/°C 24/25 24/25 24/25 24/25 24/25
Hardness, Shore A Durometer 41 45 40 54 44
Tensile Strength, psi 510 310 350 870 920
Elongation, % 190 210 160 170 120
Tear Strength, 1b/in 20 40 24 29 -
Shrinkage, % 0.6 0.6 1.0 0.6 0.2
Dielectric Strength (1.9 mm thick), V/mil 515 420 500 430 500

(cont'd.)




Table 2.18. (cont'd.)

Property RTV 112 RTV 212 RTV 8111 RTV-312 RTV-615°
Diélectric Constant at 1 kHz 33 3.8 3.5° 4.4 2.7
Dissipation Factor at 1 kHz 0.006 0.02 0.0055° 0.03 0.0006
Volume Resistivity, chm-cm 1.1x10% 2.6x 10% 1x10%® 1.6 x 10" 1.8x 10"
Useful Temp. Range, °C -54 t0 204 -54 t0 204 -54 t0 204 -54 to 260 -60 to 204
Thermal Conductivity (25 to 100°C),
cal/sec - cm °C x 107 7 7.4 7.0 7.4 4.5
Coefficient of Therma Expansion,
ppm/°C 250 200 250 200 270
Specific Heat, cal/gm, °C 0.35 0.35 0.35 0.35 0.3

®Cured 1 hr a 100°C.
°At 103 Hz. (Courtesy General Electric Corp.)

Note: Valuesare typical and not intended for specification purposes. Contact General Electric for further information.
#Properties arefor resins cured with 0.5 wt % Dibutyltin dilaurate (DBT) curing agent, cured 7 days at 25°C and 50% RH.
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Table 2.19. Typical Properties of Some NuSil* RTV Silicones

Property R-1009 R-1010 | R-1075 R-2010 R-2550
Viscosity at 25°C, cps 6,500 6,500 7,500 40,000 9,000
Specific Gravity at 25°C 11 11 1.06 1.12 1.07
Work Timeat 25°C, min 10 10 10 10 2hr
Tack-free Time, hr 1 0.5 0.5 4 24
Cure Schedule, days/°C 7/252 7125 7125 7125 7125
Hardness, Shore A 20 40 40 45 35
Durometer
Tensile Strength, psi 1100 800 450 400 400
Elongation, % 750 750 350 200 200
Tear Strength, Ib/in 130 130 50 20 20
Shrinkage, % - - - - 0.5
Dielectric Strength,

v/mil 500 500 - 500 500
Volume Resi givity, 1x10% | 1 x10% ) 1x10% | 1x10%
ohm-cm

o -65to -65to -65to -115to
Useful Temp. Range, °C 240 260 ; 240 260
Coefficient of Thermal
Expansion, pom/°C 276 276 276 276 276

*NuSil is aregistered tradename of NuSil Silicones.

Note: Vduesare typical and not intended for specification purposes. Contact NuSil
Silicones for further information. (Courtesy NuSil Slicones.)

Full cure

2.9 POLYIMIDES

Polyimides, notedfor their highthermal stabilitiesand chemical and
radiation resistance, werefirst devel oped by DuPont and introduced on the
market in 1961. Subsequently other manufacturers entered the market,
notably CibaGeigy and Hitachi. n 1997, Hitachi and DuPont created ajoint
venturecalled HD MicroSystemsto produce polyimidesfor themicroelec-
tronicsindustry. Meanwhile, CibaGeigy’ spolyimidetechnol ogy, devel oped
inthe 1970s, wasaugmented inthe 1980s by their licensing the photosensi-
tivepolyimidetechnol ogy from Siemens. Then,in1990, CibaGeigy and Olin
formed ajoint venturewhichlater transitionedto Olin Microel ectronicsand
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hasnow passed onto Arch Chemical swho marketspolyimidecoatingsunder
the Durimidetradename.

Besides the changes in the companies that developed them, the
applications for polyimides have also undergone considerable changes.
Whereasearly applicationswerefor varni shes, wirecoatings, andimpregnants
for magnetic parts, now polyimide coatings are also used as stress buffers
and passivation in the processing of 1Cs and as interlayer dielectrics to
fabricatevery highdensity multilayer substrates. Inaddition, polyimidesare
used in processes to redistribute bond pads on integrated circuit chips and
wafers, rendering them amenableto flip-chip bonding. They are also used
as plating resists in the fabrication of micromachined parts (See Ch. 4 on
“Applications’).

Likeother polymer classes, therearehundredsof polyimideformu-
lationsonthemarket, but only afew meet all theregquirementsfor useon|Cs
and microel ectroni c assemblies. Of themany engineering propertiesdesired
of adielectric, threearecritical and should bemeasuredfor initial screening
and selection. These are dielectric constant, moisture absorption, and
coefficient of thermal expansion (CTE); al of which should be low. Of
course, there are many other engineering properties and numerous manu-
facturing propertiesthat must be considered to achievehighyields, low cost,
andrdiability.

2.9.1 Chemistry

Threebasictypesof polyimides, differing intheir molecular struc-
tures, curing mechanisms, and properties, are commercially available.
These are classified as:

e Condensationcured
e Additioncured
e Photocured

Condensation-cured Polyimides. Condensation-cured polyim-
ides start as polyamic-acid or polyamic ester precursors dissolved in an
organic solvent. Upon evaporating the solvent, generally N-methyl-2-
pyrrolidone, and heatingin stepsupto 400°C, water or a cohol moleculesare
released from the vicinal amide-acid or amide ester groups, respectively,
resultinginring closuresal ongthechainandformationof thethermally stable
cyclic imide rings (Fig. 2.45). This process, referred to as imidization,
results in the formation of heterocyclic rings that render the polymer
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extremely temperature stable and resi stant to solvents. The synthesis of the
original polyamic-acid resin from pyromellitic dianhydride (PMDA) and
oxydianiline(ODA) isa so showninthisfigure. Pyralin® PI-2611, awidely

O O
[ [l
c
/ \
0 O+ H,N — NH,
N\ /
C C
[ Il
Oxydianiline
Pyromellitic Dianhydride (ODA)
(PMDA)
0 0
Il I
4 CH H
HO N N——
\ OH
od
J 1l
@] @]
- Polyammic Acid Precursor -n
Heat to 400°C
-nH,O
]

PMDA —ODA Polyimide

Figure 2.45. Synthesis of polyamic acid resin and condensation curing to form
the polyimide.

*Pyralin® is a registered tradename of HD MicroSystems.
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used polyimide in fabricating semiconductors, is based on the precursor
formed from bi phenyl dianhydrideand phenylenediamine.

The polyamic-ester precursors are reported to offer improved
solubility and better viscosity control thantheamide-acid precursors. Also,
the alcohol that is released on curing is more easily volatilized and less
corrosive to thin-film metals than the water released from the polyamic-
acids.%® The properties of condensation-cured polyimides may be varied
depending on the molecular structures of the two starting materias; for
example, a Bisphenol A structure (See Sec. 2.6 “Epoxies’) can be inte-
gratedinthemol ecul eto providebetter flexibility and solubility (Fig. 2.46).
Other variationsof thedianhydrideportioninclude: trimelliticanhydride,
benzophenonedianhydride, and biphenyl dianhydride. V ariationsof the
aromatic diaminesinclude: m-phenylenediamine; 4,4"-oxydianiline; 4,4 -
methylenedianiline; and 1,4-phenylenediamine.

Ether linkages

o HsC

pisUsas\lesSos

B

Bisphenol A Group

Figure 2.46. Bisphenol A-modified polyimide.

Condensation-cured polyimidesmay bepurchased aspre-imidized
polymers in a solvent solution or as the precursor polymer in a solvent
solution, the latter being subsequently imidized after the coating has been
applied to a part.

Other variationsinclude pre-imidized polyimide-amide polymers
(Fig. 2.47). Although theoretically high temperature curing isnot required
with pre-imidized coatings since cyclization isalready complete, curing at
275° to 300°C is still recommended to completely remove the very polar
solvent and attain optimum properties (Table 2.20).
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Figure 2.47. Structure for polyimide-amide polymer.

Table 2.20. Properties of a Polyimide-amide Coating: Durimide® 32 Series

Properties/Units Measured
Physical
Tensile Modulus (hardbake 2 hrs/350°C), GPa 33
Tensile Strength, MPa 184
Elongation, % 56
Refractive Index (633 nm) 1.72
Density, g/lcm® 1.33
Stress, MPa 26
Thermal
Glass Transition Temperature, °C 300
Decomposition Temperature, °C 494
Coefficient of Thermal Expansion, ppm/°C 53
Electrical
Dielectric Constant (24°C, 4%/50% RH) 3.5/3.8
Dissipation Factor (1 MHz, 4%/50% RH) 0.013/0.024
Dielectric Breakdown, V/um 324
Adhesion
90° Tape Peel Test, 72 hrsin boiling water 5
(ASTM D-3359-83B)
*Durimide isaregistered trademark of Arch Chemicals, Inc. (Courtesy Arch
Chemicals, Inc.)




Chapter 2 - Chemistry and Properties 147

Addition-cured Polyimides. A second classof polyimidescuresby
an addition polymerization mechanism. Thisclassisbased onlow-molecu-
lar-weight polyimide precursors(oligomers) inwhichtheimidization (ring
closure) reaction hasal ready been completed. Theoligomersareterminated
at eachendwithreactiveacetylenic, ethylenic, or strained cyclicgroups. On
heating, these groups open up and join “head-to-tail” forming long-chain,
high-molecular-weight polymers. A benefit of addition curing isthat water
or other potentially undesirable by-products are not eliminated during the
cure. Acetylene-terminated polyimideswerefirst synthesi zed by investiga-
tors at Hughes Aircraft!>1%8] and later licensed and marketed by National
Starchand Chemical Company under thetradename Thermid. Althoughthe
Thermid polyimides had many benefits asinterlayer dielectrics for multi-
layer circuitsthey werenot widely implemented and arenolonger commer-
cially available.

Photocurable Polyimides. The first photosensitive polyimides
weredevel oped by Siemens > inthemid-1970s, but only recently havethey
been modified and optimized to meet requirementsfor interlayer dielectrics
and other microel ectroni c applications.[®1162 Photocurabl epolyimideslend
themselves to the batch fabrication of microvias of high aspect ratios (>1)
forinterconnect substrates(cf. Ch. 4on* Applications™). Polyimide precur-
sorsmay be synthesized and formul ated to render them photosensitive and
hardened by exposureto ultraviolet light, similar to photoresists. Thus, by
coating an entire surface, drying to remove the solvent, and exposing to uv
light through a mask, selective areas of the polyimide coating are cross
linked, hardened, and rendered insol ubl e. The unexposed areas can then be
removed by dissolvinginan appropriate solvent. Subsequently, thecoating
isimidized at approximately 300°Cwiththes multaneousdecompositionand
volatilization of thecross-linking ester groups.

Most photodefinable polyimides are negative-acting, that is, they
crosslink and harden onexposureto ultraviol et light. Inthesecompositions,
thebasi c polyimide mol ecul e has been altered to incorporate photoreactive
unsaturated ester groups such as acrylates and photoinitiators. Figure 2.48
showsthe structure for atypical photosensitive polyimide precursor while
Fig. 2.49 depicts the cross-linking, imidization, and removal of the ester
cross-linking groups. In the early formulations, the decomposition and
removal of these ester appendages caused excessive shrinkage of the
coating, ashigh as60%in somecases, resulting in stressesand marginal via
geometries.!%3 However, improved formul ationsand alternatephotocuring
mechanisms such as the use of ionic salt formations have been devel oped
that reduce shrinkage. Both negative-acting and positive-acting
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photoimageabl e polyimidesareavailabl e, but positive-actingtypeshavean
advantage in being developed with agueous solutions instead of organic
solvents.

s
o ©\ O,

Figure 2.48. Typical structure for a photosensitive polyimide precursor.

2.9.2 Properties

Polyimides possess a highly aromatic ring structure and, as such,
have exceptional thermal stability (as high as 500°C and even 600°C for
short periodsof time) and excell ent radiation stability. Amongtheir outstand-
ing propertiesare:

»  Widetemperature stability, ranging from -190° to 600°C

» Low weight lossin athermal-vacuum environment

» Relatively low moistureabsorptionfor someformulations
and cure schedules

» Gooddielectricproperties

 Highradiation resistance, up to 108rad total dose
» High wear resistance

» High chemical and solvent resistance

» Flameresistance(Polyimideswill not support combustion
inair and ignite only at temperatures above 400°C.)
Thepropertiesof polyimidefilmsprepared from polyamicestersor
polyamic acid precursors do not differ greatly (Table 2.21).
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Table 2.21.Properties of Polyimide Films Prepared from Polyamic Ester
and Polyamic Acid Precursors(®4

Material Property e vt
Young' sModulus, GPa 31 33
Ultimate Strength, MPa 230 265
Elongation, % 115 80
CTE, ppm/°C 29 32
Coating Stress, MPa 21 20
Glass Transition Temp., °C 380 380
Didlectric Constant, 50% RH 3.3 3.4

Electrical and Physical Properties.Polyimideshave been devel-
oped that meet the demanding requirements of interlayer dielectrics for
multichip modul einterconnect substratesand for microwavehybridcircuits.
Besidestheir low dielectric constants, ranging from 2.9to 3.5, somefully-
cured, low-stress polyimides have low CTES, almost matching those of
widely used substratematerial ssuchassilicon, siliconnitride, and al uminal®
(Table 2.22). These low CTE values mitigate stresses in a multilayer
structure.

A high degree of imidization is important in obtaining optimum
properties. The percent completion of theimidization reactionisafunction
of the curing temperature. The T, for example, increaseslinearly with an
increase in imidization temperature, reaching approximately 400°C when
cured at 400°—425°C (Fig. 2.50).166]

Although water absorptionsfor polyimidesaregenerally high
(1-3%), valuesfor thelow-stressformul ations aslow as 0.34% have been
reported.[®® Therelatively high moistureabsorption of polyimidesresultsin
increases in dielectric constant and capacitance that must be taken into
consideration when they are used in an non-hermetic environment (Figs.
2.51 and 2.52).[67168] Table 2.23!6% compares the electrical and physical
propertiesof threewidely used condensation cured polyimideswhile Table
2.24 presents properties of some photoimageabl e polyimides. Fully cured
polyimidesarehighly resistant to sol ventsincluding ketones, cresol s, alcohols,
N-methyl-pyrrolidone, n-butyl acetate, and ali phatic hydrocarbons, but can
be attacked by strong alkalis and acids.
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Table 2.22. Comparison of Properties of Low-stress Polyimide with Other

Polyimides(®®]

151

Figure 2.50. Glass transition temperature of polyimide as a function of cure

temperature.[5°!

Glass Transition Temperature, °C

Propert L ow-stress Other
perty Polyimide Polyimides
Dielectric Constant, 1 kHz, 25°C 29 3.1-3.6
Dissipation Factor, 1 kHz, 25°C 0.002 0.002
Dielectric Breakdown, V/mil >5,000 >5,000
Volume Resigtivity, ohm-cm >10'° >10%
Coefficient of Thermal Expansion, ppm/°C 3.0 28-50
Water Absorption, % in 24 hr 0.34 0.734.2
Wafer Bow., 190 mm S|., 22 mils thick with 129 31-4.2
50 um polyimide, mils/in
Decomposition Temperature 500°-600°C 500°-600°C
Glass Transition Temperature >400°C >400°C
Tensile Strength, kg/mm? 35 10.5-13.5
Elongation, % 25 15-40
Weight Loss, 500°C 2 hr in air, % 1 2.9-3.6
Weight Loss, 400°C 7 hr in air, % 0.4
Thermal Conductivity, cal/sec - cm °C 3.6x 10* 3.5-3.7 x 10*
Therma Conductivity, W/m-K 0.17 0.17
Radiation Resistance, total flux, rads 108 108
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Figure 2.51. Effect of relative humidity on the dielectric constant of polyimide.[67168]

Capacitance, pF
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0 1 10 100 1000

Hours at 85% RH, 85°C

Figure 2.52. Degradation of the dielectric properties of polyimide on humidity/
temperature exposure.l’%
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Table 2.23. Comparison of Pyralin LX with Other Pyralin Polyimides

Property Units PI2611 PI12540 P12525
Tensile Strength kg/mm? 35 10.5 135
Elongation % 25 40 15
Density g/cm 1.40 142 1.39
Modulus kg/mm? 845 140 245
Moisture Uptake % 0.5 2-3 2-3
Stress (10 um film) MPa 2 16 37
Glass Trang tion Temperature °C >400 >400 >320
Melting Point °C none none none
Decomposition Temperature °C 620 580 550
\2/\/r¢]arig)ht Loss(500°Cinair, % 1.0 36 29
CE:XOSfafrll ;i gﬂt of Thermal ppMY°C 3 20 40
ot o aree: | sx10° | 37x10° | 3x10°
Specific Heat ca/g/°C - 0.26 0.26
?(l)s/loegggz Constant (@ 1 kHz, 29 35 33
Dissipation Factor (@ 1 kHz) 0.002 0.002 0.002
Dielectric Breakdown Field Viem >2x10° | >2x10° | >2x10°
Volume Resistivity Q-cm >10%6 >10'® >10"®
Surface Resistivity Q >10% >10" >10™
Note: Stresswas measured using a Tropel® Autosort Interferometer. (Courtesy HD
MicroSystems.)

Adhesion. Polyimides generally require a promoter or primer for
optimumadhesiontosurfacessuchassilicon, silicondioxide, siliconnitride,
and metals. Adhesion promoters consisting of agueous dilute solutions of
amino organosilanes are spin coated onto the wafers, and dried or baked at
110°-130°C. Thepolyimideprecursor solutionisthen spin coated and cured.
Some polyimides are self-priming, that is, they have built-in adhesion
promoters.
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Table 2.24. Cured Film Properties of Photoimageable Polyimides,
Durimide® Series

Property 7000 Series | 7500 Series 7800 Series
Tensile Strength, MPa 170 215 215
Young's Modulus, GPa 29 25 25
Tensile Elongation, % 73 85 85
Glass Transition Temp (T,), °C >350 285 285
Decomposition Temp, °C >510 525 525
CTE, ppm/ °C 27 55 55
Coating Stress (100 Si), MPa 30 33 33
pieedtlc Sondtant, LMHz 33 32-33 32-33
g_i;%i&at;f:" Factor, MHz, 0.007 0.003-0.008 | 0.003-0.008
Dielectric Strength, V/um 340 345 345
Moisture Absorption @ 50% RH, % 1.3 1.08 1.08
Density, g/cc 1.39 1.39 1.39
Refractive Index na 1.69 1.69
Note: Valuesare typical, not to be used for specification purposes without contacting
the manufacturer.
Durimide® is a registered trademark of Arch Chemicals, Inc. (Courtesy Arch
Chemicals, Inc.)

2.10 P-POLYXYLYLENES (PARYLENES)

Parylene(p-polyxylylene) coatingsrepresent auniqueclassintheir
ability to be polymerized and deposited by vapor deposition onto surfaces
maintained at room temperature. Extremely thin, pinhole-free, high purity
coatings are deposited that fulfill many of the requirements of advanced
microelectronics. Assuch, they continueto find new applicationsin space,
medical, and other high-reliability electronics.
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2.10.1 Chemistry

Poly-p-xylylenefilmswerefirst synthesized by the pyrolytic dehy-
drogenation of gaseous p-xylene. In this rather drastic process, p-xylene
was subjected to very high cracking temperatures of 700°-1100°C at a
reduced pressureof 1-5torr, whereuponit lost amol ecul e of hydrogen and
converted to an unstable quinoid compound. On quenching, this quinoid
structurepolymerizedrapidly toyieldthedesired poly-p-xylylenefilm.[73-73]
Thisprocessfoundlittle practical usebecause of the hightemperaturesthat
were required. Furthermore, the resulting films were infusible and intrac-
table(Fig. 2.53).1n 1965, asimplified processfor preparing aseriesof poly-
p-xylylenesthat werecompl etely linear polymerswasdevel oped by Gorham
at Union Carbide.[”4-7% Parylenes, Union Carbide's tradename for their
high-purity p-polyxylylenes, wereintroduced for commercial applicationsin
1966.

CHg |CHZ
-H2 : : : :
| n
CHs CH,

p-xylene Quinoid Poly-p-xylylene
structure

Figure 2.53. Early synthesis of poly-p-xylylene.

Parylenes have the distinction of being the only polymer coatings
that can be vapor deposited on a commercial scale by the thermal
decomposition of a solid dimer. The first step in the process consists of
heating the solid dimer (di-p-xylene) at approximately 150°C and 1 torr
whereupon it sublimes. The gaseous dimer then passes through a heated
tube at 650°—680°C and avacuum of 0.1-0.5 torr whereupon it dissociates
intogaseousdiradicals(Fig. 2.54). Thesediradicalsimmediately polymerize
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on any surface they contact by combining “head-to-tail,” forming long-
chain, high-mol ecular-weight linear polymers. Itemsto becoated aregener-
ally maintained at room temperature in a separate chamber so that the

O e, O
~680°
0.5 torr .
CH CH, H,C CH,’

Solid dimer (di-para-xylylene) Gaseous diradicals

n

0.1 torr

Poly (p-xylylene) polymer films

Figure 2.54. Commercial polymerization mechanism for Parylene N.

process becomes especialy suitable for coating temperature-sensitive de-
vices.

Threeparylenetypes, differingonly inthenumber of chlorineatoms
that each phenyl group contains, wereinitially introduced by Union Carbide.
Parylene N contains no chlorine atoms, while Parylene C contains one
chlorineatom per phenyl group and ParyleneD containstwo chlorineatoms
per phenyl group. A fourthtype, Parylene E, containing fluorineatomsinthe
phenyl group, wasal sointroduced, butisnolonger available. Recently, afifth
type, Parylene HT, tradenamed NOVA HT®, wasintroduced by Specialty
Coating Systems (adivision of Cookson Electronics). It contains fluorine
atomsinlieu of hydrogenatomsinthealiphatic portion of themoleculethus
renderingit highly resistant tothermal oxidation. ParylenesN and C havethe
longest history of use. All patentsfor the original Union Carbide parylenes
wereissued inthemid-19604 761178 and have since expired. Thereare now
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several firmsthat provideservicesfor coating partswith parylene. Thesolid
dimer starting material isalsocommercially available, and, with the proper
deposition equipment, any firm can apply its own coating.

Theadhesion of paryleneisenhancedif thepartisfirst primedusing
either aliquid aqueous/alcohol primer (A-174) or aproprietary dry primer
developed by Specialty Coatings Systems.

2.10.2 Properties of Parylene Coatings

The inherent properties of parylene films and their compatibility
withbarefield effect transistors (FET) wereextensively studied by Leeand
Licari.[”® Bachman,[8 at the AT& T Laboratories, studied stresses, dielec-
tric constant, and thermal stability and found compressivestressesto be50%
lower for parylene than for polyimide. She also reported on the excellent
electrical properties of parylenes even after extensive humidity exposure.

In summary, the parylenes have many benefits for advanced
mi croel ectronics packaging, among which are:

» Paryleneisdeposited at roomtemperatureby vapor phase
polymerization.
 Vapor phasedepositionresultsincompl etecoverageeven
beneath and around closely spaced wires and chips.

» The coating envelops and reinforces fragile wire bonds.
» Parylene has excellent adhesion to most surfaces.

» Paryleneisamong the best coatings for moisture imper-
mesbility.

» Parylenepolymerizesasit depositsfromagaseousdiradical
state to a solid state. It does not require a hardener or
catalyst nor subsequent heat curing.

» Paryleneis a pure hydrocarbon having a low dielectric
constant, low dissipationfactor, and highelectrical insula-
tion resistance. No by-products are released during
polymerization, aswith epoxiesand silicones.

Table2.25 summarizesthemajor benefitsand limitationsof using parylene
coatings. The coefficients of friction for parylene coatingsarelow ranging
from 0.25 to 0.33 so that their lubricity is close to that of Teflon which,
together with its other properties, make parylenes good candidates for use
in micro-electromechanical systems(MEMS).
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Table 2.25. Benefits and Limitations of Parylene Coatings

Parameter

Benefits

Limitations

Stress

50-54% lower than PI,
CTE =35 ppm/°C,
compressive stress

Cure

Not applicable, vapor
deposited, room temp.

Outgassing

Low, no by-products,
catalysts, hardeners, or
fillers, passes NASA
outgassing requirements

Thermal Stability

80°C long termin air
115°C short termin air

Poor inar @ 125°C
8% wt lossin 8 hr @ 225°C,
13% wt lossin 16 hr @ 225°C

Chemical Resistance

Highly resistant to all
organic solvents, alkalis,
and acids

Cannot be removed with
normal sol vents and chemicals
for rework

Coefficient of Friction

Low coefficient of friction
(0.25t0 0.33); high
lubricity

MVTR* (g-mil/m?
24hr) 37°C, 90% RH

7.75 (Teledyne, NASA)
15.5 (Union Carbide)

Water Absorption,
24 hr

Very low: 0.01%

Purity

Excellent: no possibility of
Na“, K*, or Cl,
no by-products

Dielectric Congant

2.95-3.1, not sensitive to
humidity, unchanged a
100% RH

Masking Difficult for small areas
Demasking Can leaveresidues

Difficult to remove, insoluble
Rework in all solvents, can be plasma

etched in oxygen, removed by
excimer laser, or abraded

*Moisture Vapor Transmission Rate for Parylene C
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Purity. Parylenecoatingsare among the highest purity coatingson
the market. No chloride, sodium, or ammonium ions are inherent in or
generated fromthecoatings. Both ParyleneN and C areformed fromsingle
starting material sthat polymerize by an addition mechanism, hence no by-
products are evolved as with epoxies which polymerize by condensation
reactions. Parylene N is entirely a hydrocarbon polymer. Parylene C is
identical to ParyleneN except for achlorineatomthat iscovalently bonded
toeach of thephenyl groupsal ong the polymer chain. Thesechl orineatoms,
however, are not ionic and not easily ionized. Parylene C film boiled in
deionized water for nine hours still showed no extractable chlorideionsas
determined by the silver nitrate test.

Moisture Permeability and Water Absorption. The moisture
vapor transmission rates (MV TR) of the parylenesare among the lowest of
polymers. Furthermore, sincethe parylenesareof high purity, any moisture
that permeates or becomes absorbed will not degrade its electrical proper-
tiesor contribute to chemical corrosion. Provided that the coating adheres
well tothe surface, moisturewill breathein and out and not becometrapped
beneath the coating. However, if adhesion is not adequate, moisture
condenses and becomestrapped in voids at the interface. Boththe MVTR
and water absorption for Parylene C are better than for Parylene N. The
MVTR for Parylene C is about one-third that for the N version. Water
absorptionafter 24-hoursimmersioninwater wasonly 0.01% by weight for
a19-mil-thick film of Parylene C and 0.06% for a 29-mil-thick sample of

Table 2.26. Barrier Properties of Parylene Coatings

Gas Pzermeability Moisture Vapor
Parylene cc-mil/100 in“ 24 hr-atm (23°C) ;_rn?ir:?rlrg(ﬁr?znziitre
N, o, CO, H,S [ SO, Cl, (37°C, 90% RH)
N 77 1392 | 214 795 | 1,890 74 1.6
C 10 | 7.2 7.7 13 11 0.35 0.5
D 45 | 32 13 145 | 475 0.55 0.25
(Courtesy of Specialty Coating Systems.)
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Parylene N. Values for MVTRs and gas permeation rates for the three
parylenetypesaregivenin Table 2.26.

Electrical Properties. Theelectrical properties of the parylenes
are among those of the best polymers (Table 2.27). The dielectric break-
downvoltagefor aone-mil-thick filmof Parylene Cis5,600voltswhilethat
for Parylene N is 7,000 volts. Figure 2.55 gives breakdown voltage as a

Table 2.27. Electrical Properties of Parylene Coatings*

Property Parylene N Parylene C | Parylene D
Dielectric Strength short time, V/mil
(1-mil thick) 7,000 5,600 5,500
Volume Resigtivity 17 16 16
23°C, 50% RH, ohm-cm 1x10 6x10 2x10
Surface Resistivity 13 14 16
23°C, 50% RH, ohms 10 10 5x10
Dielectric Constant
60 Hz 2.65 3.15 2.84
1kHz 2.65 3.10 2.82
1 MHz 2.65 2.95 2.80
Dissipation Factor
60 Hz 0.0002 0.02 0.004
1kHz 0.0002 0.019 0.003
1 MHz 0.0006 0.013 0.002
*Measurements made using ASTM methods. (Courtesy Specialty Coating Systems.)

function of filmthickness. It isanticipated that moisturewill have an effect
on the breakdown voltage, but data are not available.

The insulation resistance of Parylene C in 10-day humidity/tem-
perature cycling dropsfrom almost 10** ohmsto 10'°ohms, but isstill well
abovethe M| L-1-46058 specification requirement of 1 x 10°. Someepoxies
under thesame conditionsarereportedto dropto 102 ohmsor lower, largely
duetoionimpurities.[®Y Thetest wasperformed with apol arizing vol tageof
100 voltsdc (Fig. 2.56). In general, the electrical properties of Parylene N
are better and more stable over a temperature range than for Parylene C
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Figure 2.55. Breakdown voltage of Parylenes C and N vs film thickness.[81]
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Figure 2.56. Insulation resistance of Y-Patterns on G-10 boards coated with
Parylene C during 10-day humidity exposure per MIL-STD-202, Method 302B.[81]
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(Fig. 2.57). Nevertheless, Parylene C is more widely used commercially
because its deposition rate is much greater.

Thermal and Mechanical Properties. ParylenesN, C, and D are
notedfor their long-termthermal stabilitiesinvacuumor ininert atmospheres
up to 200°C, but their stabilities are limited in air to temperatures below
115°C. Attemperaturesof approximately 115°-125°Cinair, theparylenes

c
O
1l
‘/\/\—@ CH;s C—CHz

Oxidized Parylene - C

Figure 2.58. Initial oxidation stage for Parylene C.

begintoundergo oxidativedegradation starting at their weakest linkages: the
aliphatic (-CH,—CH,—) connections between thearomatic groups (Fig. 2.58).

Although not visible at first, the oxidation can be detected by
infrared spectroscopy by the appearance of a carbonyl absorption band
at 1695 cm™. With extended aging in air at elevated temperatures, this
absorptionbandintensifiesandtheprogressof theoxidation can befollowed
guantitatively. Figure 2.59 shows the FTIR spectra for Parylene C, as
deposited and after aging for 24 hours at 170°C.[82

The different parylenes begin to oxidize at different temperatures
and the failure time is a logarithmic curve based on temperature. For
example, ParyleneN at 60°C will fail intenyears, at 80°Cin oneyear, and
at 120°Cin 24 hours. Parylenes C and D follow similar curves, but failures
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Figure 2.59. FTIR spectra of Parylene C, before and after thermal aging in air.[82]

occur at higher temperatures®! (Fig. 2.60). Failuresresultedin 50%lossin
tensilestrength.

On extended thermal exposure in air, parylene films ultimately
discolor, become brittle, and decompose. However, when aged in an inert
ambientorinavacuum, al theparylenesexhibit very highthermal stabilities.
Figure 2.61 showsthat ten-year projections exceed 200°C for parylenesin
a high vacuum environment. This, together with their other properties,
makes parylene coatings especialy suitable and reliable for deep-space
applications.

The thermal oxidative instabilities of the parylenes were recently
found to be minimized or completely eliminated by overcoating with thin
inorganic coatings such as silicon dioxide, silicon nitride, or aluminum
oxide.l®d Thenewly introduced ParyleneF (NOVA HT*) also obviatesthis

*Nova HT® is a registered tradename of Specialty Coating Systems.
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oxidation mechanism becausethehydrogen atomsinthealiphatic portion of
the mol ecul e have been substituted for fluorine atoms. Hence, the NOV A
HT coatings are thermally stable both in air and inert atmospheres at very

10 T T T T T T T T T T T l T
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2 2
'® 10"
w
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10
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Temperature, °C

Figure 2.60. Useful life expectancies of parylenes as a function of temperature in
air. (Failure equals a 50% loss in tensile strength.)
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Figure 2.61. Useful life expectancies of parylenes as a function of temperature in
vacuum. (Failure equals a 50% loss in tensile strength.)

high temperatures. The thermal and mechanical properties of the parylene
coatings are summarized in Table 2.28.

Chemical Resistance. The parylenes are highly resistant to all
organic solvents and chemicals such as acids and alkalis. Thisis abenefit
in protecting electronics from solvents and chemicals that may be used
during subsequent processing or that may be encountered in field use, but
also adetriment in its ability to be removed for rework and repair. As an
exampleof the extremeresistanceto corrosive solvents, PWAscoated with
parylene have withstood a highly caustic solvent DS-2 for eight hours
without degradation while a similar PWA coated with epoxy showed
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Table 2.28. Thermal and Mechanical Properties of Parylene Coatings*

Property Parylene N Parylene C | Parylene D

Tensile Strength, psi 6,500 10,000 11,000
Yield Strength, psi 6,100 8,000 9,000
Elongation to Break, % 30 200 10
Yield Elongation, % 25 29 3
Density, gram/cm® 111 1.289 1.418
Coefficient of Friction

Static 0.25 0.29 0.33

Dynamic 0.25 0.29 0.31
Water Absorption in 24 hr, % (O%ggin) (O%S;in) -
Refractive Index @ 23°C 1.661 1.639 1.669
Melting or Heat Distortion Temp., °C 405 280 >350
Coefficient of Thermd Expansion,
ppm/ °C 69 35 -
Thermal Conductivity, W/m.K 0.126 - -

*Measurements made using ASTM methods. (Courtesy Specialty Coating Systems.)

extensive corrosion to solder, damage to components, and loss of adhe-

sion.[84

Parylene F (NOVA HT). Parylene F (o,01,0”,0" -tetrafluoro-p-
xylylene) isan analog of Parylene N inwhich thealiphatic hydrogenshave
been replaced with fluorine atoms, thus obviating the thermal oxidation
problem associated with the other parylenes.

CF.CF>

CF.CF>

Because of itsresistance to thermal oxidation, NOV A HT ischaracterized
by very hightemperature resi stance (>450°C), low die€l ectric constant, low
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Table 2.29. Preliminary Properties of Parylene NOVAHT

Property Value
Dielectric Constant 2.28
Dissipation Factor <0.001
Breakdown Voltage @ 1um 750
Modulus, GPa 27
Elongation to Break >20%
Tensile Strength, MPa 45
Water Absorption <0.1%
Thermal Stability, <1% wt. loss/hr >450°C
Crystalline Mélting Point >500°C
Volume Resistivity, Q-cm 5.3x 10%
Surface Resistivity, Q 1.3x 10™
Density, g/cm® 1.58
Thermal Expansion, ppmv °C 35
Coefficient of Friction 0.20
(Courtesy of Specialty Coating Systems.)

moisture absorption, and good uv stability. Preliminary properties for
NOVA HT aregivenin Table 2.29.

As with Cyclotene, NOVA HT was introduced primarily as an
interlayer dielectric for |C wafer fabrication.!®® However, as a moisture
barrier, abrief evaluation on afew SandiaNational Laboratories ATC-01
test chips showed no improvement over Parylene C.[%

2.11 BENZOCYCLOBUTENE, CYCLOTENE®

The polymersof bis-benzocyclobutene, also known asBCB, com-
prisearelatively new classof high-performancediel ectric coatingsthat are
now used for high-density microelectronic circuits. Bis-benzocyclobutene
polymer coatings are competing with polyimide for many high-density
microelectronic applications such as multilayer interconnect substrates,
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galliumarsenidelCs, and other high-speed, high-frequency devices. Initial
patentsweregranted to Dow Chemical Company in 1985-89[871(88] and Dow
has been at the forefront of developing and marketing these coatings.
Commercial interestin BCB polymer coatingsfor microel ectronicsisdueto:
» Easeof processing by thermal polymerization, requiring
no catalystsor hardeners, and producing nowater or other
by-products.

» Low dielectric constant (2.7) and low dissipation factor
(0.0008) and stability of these electrical propertiesover a
wide temperature and frequency range, rendering them
useful for very high frequency applications.

* A highdegreeof planarization (>90%) obtainedinonestep
when spin coated on circuit surfaces.

One member of the BCB series, a divinylsiloxane bis-
benzocyclobutene (DV S-BCB) has been commercialized by Dow Chemi-
cal under the tradename Cyclotene®. Over the past ten years, an extensive
database and experience with these coatings have been generated. 89191

2.11.1 Chemistry

Bis-benzocyclobutene polymers are derived from the monomers
having structure () (Fig. 2.62 ) in which the R portion may be varied. On
heating to 200°C or higher, the cyclobutene portion of the molecule
rearranges, at first to form a transient intermediate, o-quinodimethane
(structure(b), Fig. 2.62) which, becauseof itshighly reactivedoublebonds,
then reactswith similar molecul esor with other unsaturated groupsto form
ahighly cross-linked, high-mol ecul ar-weight polymer.

InCyclotene, theR groupisatetramethyl divinyl siloxane(DV S) as
in structure (c) of Fig. 2.62. The polymerization processis purely addition
type, thus, unlike polyimides, no water or other by-products are produced.
Bis-benzocyclobutene coatings are sold as solutions of BCB oligomers
(partially polymerized B-staged) in mesitylene or xylene solvent. Upon

*Cyclotene® is a registered tradename of Dow Chemical Co.
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Figure 2.62. Molecular structures for BCB monomers, (a) BCB monomer, (b)
0-Quinodimethane intermediate, and (c) DVS-BCB monomer.

evaporation of the sol vent and heating in anitrogen ambient to 200—-250°C,
the B-staged material continuesto polymerize.

An optimum cure schedule is one hour at 250°C at which the
Cyclotene achieves 95% polymerization and results in a hard transparent
coating. Itisimportant that Cyclotene be cured in adry nitrogen or vacuum
ambient. If curedinair, it oxidizes, forminganhydrideand/or carbonyl groups
andturnsyellowish-brownin appearance.[® Oxidation hasal so been shown
by absorption bands appearing in the 1700-1850 cm™* region of the FTIR
spectrum. (8]

The curing temperatures for BCB resins are approximately half
those for polyimides, but, even so, are much too high for either BCB or
polyimides to be used as conformal coatings over assembled modules.
Temperatures above 200°C degrade epoxy die-attach adhesives and accel-
erateintermetallic growth in gold-to-aluminum wire bonds. Both coatings
are, therefore, better suited as dielectric layers in the fabrication of
multilayer interconnect substrates and 1C devices at the wafer stage.

Cycloteneis also available as a photocurable composition®? thus
reducing the number of processing steps in forming vias for multilayer
interconnections. The photocurableversionisanegative-actingformulation
based on DV S-BCB and a bisarylazide photo-cross-linking agent. High-
resol ution conductor linesand spacings of 16 umfroma5.6-um-thick film
have been reported.[]
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2.11.2 Properties

A combination of el ectrical, thermal, and physical propertiesrender
BCB coatings particularly suitable as dielectrics for high-speed, high-
frequency devices, circuits, and high-density multilayer interconnect sub-
strates. Bis-benzocyclobutene Cyclotene coatings have become key com-
petitorsto polyimidesfor many of these applications.

Physical Properties. Cyclotene may be purchased as BCB
solution coatings of various solids contents from 35% to 63%, thus thick-
nessesof thedeposited filmscan be controlled asafunction of viscosity and
spin speed.[%¥ Coatingsranging from 1.0 umto 26.0 um areachievableina
single spin-coat application (Table 2.30). A key attribute of BCB coatings
istheir high degreeof planarization (DOP). Degreesof planarization of 90—

Table 2.30. Film Thicknesses of Dry-etch Cyclotenes

Product <pi conted @ 10005000 rpm
Cyclotene 3022-35 1.0-24
Cyclotene 3022-46 2458
Cyclotene 3022-57 5.7-15.6
Cyclotene 3022-63 9.5-26
(Courtesy Dow Chemical Co.)

95%arereportedfor Cyclotenewhiletypical DOPsfor polyimidediel ectrics
arereported to be between 18 and 30%.[9)

Electrical Properties.Cyclotenes very low dielectricconstant and
dissipationfactor, over awidefrequency andtemperaturerange, makethem
attractive as both coatings and interlayer dielectrics for high-frequency,
high-speed circuits. Dielectric constants range from 2.6 to 2.8 and are
relatively flat eveninthehigh GHz region and at temperaturesupto 200°C.
M easurements have been made at 10 GHz,[%! 35 GHz, and even at 1500
GHz.[97 Dissipation factors are also low (0.0008 to 0.002) and stable over
thesamefrequency range. Figure2.63 comparesthese propertieswiththose
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Figure 2.63. Electrical properties of BCB (Cyclotene) and polyimide as a function
of frequency.

of polyimide. Other el ectrical propertiesreported arevolumeresistivity of 1
x 10'° ohm-cm and breakdown voltage of 3.0 x 108 VV/cm [%]
MoistureAbsorption. Ancther beneficial property of Cyclotene
for electronic applicationsisitslow moisture absorptionl®® (Fig. 2.64 and
Table2.311%), Unlikemost polyimides, theexcellent el ectrical properties
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Figure 2.64. Moisture absorption/desorption for Cyclotene 3022 resin.® (Cour-
tesy Dow Chemical Co.)

Table 2.31. Moisture Absorption for Cyclotene 4000 Series Resin Photo-
products!10]

) ) ) Relative Humidity, %
Cyclotene Resin Film Thickness, pm
30 54 84
4024 5 0.061 0.075 0.14
4026 10 0.058 0.077 0.14
4026 20 0.050 0.082 0.14

(Courtesy Dow Chemical Co.)

of Cyclotenearepreserved under humid conditionsbecauseof itslow water
absorption and the hydrophobic nature of its siloxane structure.!
Thermal Properties. The Cyclotenes show no weight losses at
temperaturesashighas400°Cinaninert ambient (Fig. 2.65). A TGA curve
shows no weight loss in nitrogen up to 400°C!®J (Fig. 2.66). However,
Cyclotenefilms, likeparylenefilms, oxidizewhen heated in air at tempera-
tures above 150°C. Cyclotene’s thermal stability in air is reported to be
150°Cfor extended periodsof timewhichisadequatefor most of itscurrent
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uses. Thermal oxidative stability can be improved by the addition of an
antioxidant. Cyclotene has a proven history of reliability in its use as a
dielectric for GaAschipsand bumped deviceswith hundreds of millionsof
GaAschipsinthefieldwithout any problemsassociated withthecoating.!1%2
A summary of the mechanical and electrical propertiesof Cyclotenefilms
isgiveninTable2.32.

10*
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Time to 1% Loss, minutes

14 T T T T T T
280 300 320 340 360 380 400 420

Temperature, °C

Figure 2.65. Weight loss of a 2-um-thick Cyclotene film on wafer in helium.
(Courtesy Dow Chemical Co.)

2.12 FLUOROCARBONS AND FLUORINATED
POLYMERS

The accidental synthesis of polytetrafluoroethylene (Teflon) in
1938 by DuPont researcher Dr. Roy Plunkett was the basis for a whole
seriesof fluorinated polymerswith propertiesthat beforewerenot possible.
High purity and chemical and thermal inertness of the fluoropolymers are
indispensable today in the manufacture of semiconductor devices. As
electronics move toward high-speed, high-frequency applications,
fluoropolymersarecritical to electrical functionsbecause of their very low
dielectric constants and dissipation factors.
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Figure 2.66. Thermal gravimetric analysis (TGA) curve for DVS-BCB. (Courtesy
Dow Chemical Co.)

2.12.1 Chemistry

Thebasi cfluorocarbon polymers, originally devel oped by DuPont,
are prepared by the addition polymerization of fluorinated ethylene,
alkoxyfluorinated ethylene, or by copolymerization of fluorinated ethylene
with other fluorinated ethylenic monomers. Teflon PTFE (polytetra-
fluoroethylene), thebest known of thisgroup, issynthesized by theaddition
polymerization of tetrafluoroethylene (TFE), a gaseous monomer. Teflon
FEP (fluorinated ethylene propylene) isformed by the copolymerization of
tetrafluoroethylene with hexafluoropropylene (Fig. 2.67). Teflon ETFE
(ethylenetetrafluoroethylene) also known as Tefzel ETFE, arelatively new
member of the Teflon family, is acopolymer of TFE and ethylene. Other
fluorocarbonresinsincludepolychlorotrifluoroethylene (CTFE), polyvinyl
fluoride (PVF), and polyvinylidene fluoride (discussed in Sec. 2.3 under
“Vinyl Polymers’).
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Table 2.32. Mechanical and Electrical Properties of Cyclotene* Films

Property Measured Value
Dielectric Constant, 1 kHz 2.65
Dielectric Constant, 35 GHz 2.4
Dissipation Factor, 1 kHz 0.0008
Dissipation Factor, 35 GHz 0.0003
Breakdown Voltage, V/cm 3x10°
Volume Resistivity, ohm-cm 1x10%
CTE, ppm/°C 52
Glass Transition Temperature, °C >350
Tensile Modulus, GPa 29
Tensile Strength, MPa 87
Elongation, % 8
Stress, MPa 28
Moisture Absorption @ 85% RH 0.14%
Refractive Index, photocured 1.561-1.543**
Refractive Index, heat cured 1.552—-1.535**
Poisson’s Ratio 0.34
Shrinkage during Cure <5%
*Cyclotene isaregistered tradename of Dow Chemical Co. Compiled from Dow
Chemical Co. brochures and articles.
**Measured from 0.6 to 1.55 um.

Fluor ocar bon Disper sion Coatings. Teflon coatings, both Teflon
PTFE and FEP, are available as one-part, water-based dispersions. They
consist of colloidal suspensionsof hydrophobic negatively-charged particles
(average sizeis 0.2 um) in water. Dispersions contain from 32 to 62% by
weight of resin and may be stabilized with an immiscible oil, non-ionic
wetting agents, or mixtures of ionic and non-ionic wetting agents. After
spraying or dipping and evaporating off thewater at approximately 120°C,
thefluorocarbon particlesmust be mel ted and fused at temperatures of 360°
to 400°C, depending on the composition. Both sintering temperature and
timearecritical in obtaining optimum coating properties. It isreported that
exposures of 5minutesat 370°C providethe best mechanical and electrical
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properties and that these properties are equivalent to those obtained from
molded Teflon.'%! |n addition to fusing the Teflon particles, the high
temperatures are necessary to decompose and vol atilize the wetting agent.
Some discoloration may be evident after sintering, owing to incomplete
removal of carbonized residuesfrom the wetting agent. Sintering cycles of
8to 10 minutes are recommended for obtaining high-purity coherent films
of one-mil thickness. Themaximum thicknessdepositedinasingleapplica-
tionshouldbekept at 0.5 mil; thicker coatingstendto crack or crazea though
thicker filmsmay bebuilt up sequentially by multiplecoating and baking steps
without crazing.

On completing the sintering, the coatingsmay be cooled rapidly by
guenchinginwater toincreasetheir toughness, or they may becooled slowly
toimpart better wettability for succeeding steps. For multiplecoatings, itis
important to cool the films slowly after each step except for the last one,
which may be quenched rapidly.!1%4

The curetemperaturesfor most fluorocarbon coatingsaretoo high
to be used as conformal coatings for assembled circuits. Therefore, using
Teflon coatings for electronics applications is restricted to parts that can
withstand the high cure/fusion temperatures.

In addition to spray or dip application from colloidal dispersions,
Teflon coatingsmay beapplied by extrusion, fluidized-bed, or electrostatic
spraying. Inall cases, Teflon FEPissomewhat easier to processthan Teflon
PTFE because of its lower melt temperature.

Other Fluorinated Polymers. Fluorinated acrylates, fluoro-
parylene (refer to Sec. 2.10 on Parylenes), fluorinated benzoxazole, and
other fluorinated polymersare also useful ascoatingsfor electronics. They
are easier to process than the Teflon coatings, requiring much lower
temperatures, and, thus, are more compatible with assembled electronic
components and circuits, yet preserve excellent electrical properties.

Fluorinated Benzoxazole Polymers. Research and develop-
ment is underway at the Air Force Research Laboratories to develop
dielectric coatingsfor very high-speedintegrated el ectronic circuits,[10°1[106]

Theresearch focusison synthesizing polymershaving low diel ec-
tric constants and dissi pation factors, high temperature stabilities, and ease
of processing. A series of fluorinated benzoxazole polymers has been
synthesized, one of which is depicted in Fig. 2.68. Typica dielectric
constants were 2.1 to 2.5 at 1 MHz. Boiling water absorption, even after
several days, was 0.2%, and thermal stabilitiesranged from 350° to 400°C.



Figure 2.68. Fluorinated benzoxazole copolymer.
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Fluor oacrylates.A recently devel opedfluoroacrylate, 3M’ sNovec*
EGC-1700, applied by dipping, givesathin 1-um-thick coatingthat ishighly
repellent to moisture, lubricating oils, heptane, toluene, silicones, and
photoresist solutionsused in manufacturing semiconductors. Inaddition, itis
non-flammableandthermally stableto 175°C. Typical propertiesareshown
inTable2.33.

Table 2.33. Typical Properties of Novec EGC-1700 Fluoroacrylate Coating

Properties Novec Coating EGC-1700
Appearance Clear, colorless to light-colored liquid solution
Solids 2%

Specific Gravity @ 25°C 15

Solvent 3M Engineered Fluid HFE-7100DL
Boiling Point of Solvent 61°C

Flash Point None

Repellent to chlorinated silicone oil after

Thermal Stability of Dry Film o4 hrsat 175°C

Surface Energy of Dry Film

(dynes/cm) 11-12
Volume Resistivity @ 30% RH, 12
25°C (40 V dc) 4.6 x 10~ ohm-cm
Dielectric Constant @ 30% RH, 31
25°C @ 1kHz ‘
Coating Thickness (dip coated) ~1 micron
Dissipation Factor @ 30% RH,
25°C @ 1 kHz 0.0089

i 1 0,
lelectrlc Strength @ 35% RH, 1.0KV/25.4 microns
25°C
Refractive Index 1.38

*3M isa registered trademarks of Minnesota Mining and Manufacturing (3M Co.).
Note: Valuesare typicd, not to be used for specification purposes. Contact 3M Co.
for additional data. (Courtesy of 3M Specialty Materials.)

*Novec® isaregistered tradename of MinnesotaMining and Manufacturing (3M
Co.).
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2.12.2 Properties

Fluorocarbons are used as diel ectric coatings on ceramic or metal
interconnect substrates; insulation for wire and cable; capacitor insulation;
impregnants for motors, generators, and transformers; and protective
coatingsfor electronicchassis. Theirlow diel ectric constantsand dissi pation
factors have made them especially useful for high frequency microwave
interconnect substrates and printed wiring boards. The key beneficia

attributes of fluorocarbon coatings are:

These unique properties may be attributed to the fluorocarbon
polymer structure. The molecules consist of closely packed long linear
chainsof carbon atomsprotected by atightly bound sheath of fluorineatoms.
Sincethe carbon-to-fluorine covalent bond strength isamong the strongest

High and low temperature stability. Most types can oper-
ate continuously at 260°C and intermittently at 325°C.
Some fluorocarbon polymers can withstand cryogenic
temperatures lower than -185°C.

Excellent electrical properties. Their dielectric properties
make them especially suited to high-frequency micro-
wave circuits.

Excellent mechanical properties. They combinehighabra-
sion resistance with very low coefficients of friction.

Extreme inertnessto solvents and chemicals. Fluorocar-
bons are unaffected by acids, alkalis, corrosive salt solu-
tions, and organic solvents, except for molten alkalisand
reactivefluorinating agents.

Excellent moisture resistance. The water absorption and
MVTR are among the lowest of known polymers. The
MV TRfor Teflon FEP, for example,is6.2g/m?/24 hr /mil.
Water absorptions after 24 hours immersion range from
less than 0.01% to 0.03%.

High purity. Because the synthesis of fluorocarbons in-
volvesaddition polymerization, noby-productsareformed
and the polymers are inherently pure. Further, the poly-
mers consist of highly stable non-polar C—F bonds that
impart highthermal stability, low moistureabsorption, and
excellent electrical characteristics.
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of atom combinations, fluorocarbon polymers are inert to both chemical
attack and high-temperature exposure.

Thermal Properties. Teflon PTFE has acontinuous service tem-
perature of 260°C and may beused for short periodsof timeat temperatures
ashigh as 316°C. Specimens have been heat aged at 300°C for six months
with no changein dielectric constant. Teflon FEP has alower continuous
service temperature of 204°C and intermittently up to 232°C. Specimens
have been heat aged at 260°C without any change in dielectric constant.
Although the maximum service temperature for Teflon FEP islower than
that for PTFE, Teflon FEPisconsiderably easier to process. Weight | oss of
Teflon PTFE at temperatures up to 315°C islow, then increases due to the
onset of decomposition!'%l (Table 2.34).

Table 2.34. Weight Loss Rate Data for Teflon PTFE[107]

Temperature, °C Weight Loss, %/hr
205 0.0002*
260 0.0002*
315 0.0002*
360 0.001**
390 0.006**
420 0.09**
*Test on granular molding powder.
**Test on molded sheet.

Fluorocarbon polymers are al so useful at cryogenic temperatures.
Their strength actually increases at low temperatures and a degree of
elongationandresilienceisretained. Teflon PTFE partshave been success-
fully used at temperatures aslow as -270°C.

Electrical Properties. Of al known polymers, Teflon PTFE and
FEP have the best electrical properties and best retention of properties at
continuoustemperaturesupto 260°Cfor Teflon PTFEand 204°Cfor Teflon
FEP. Dielectric constants range from 2.1 to 2.6. Dielectric constants and
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dissipationfactorsfor thesefluorocarbonsareamongthelowest of all known
polymersand remain low and fairly constant over abroad frequency range
from 100 Hz to 3 GHz (Fig. 2.69).

0.01
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Figure 2.69. Dissipation factor vs frequency for Teflon resins (at 23°C) per ASTM
D150. (Courtesy DuPont.)

Fluorocarbonsal so exhibit oneof thelowest diel ectric power losses
over the same temperature and frequency ranges. Surface and volume
resistivities are high for all the Teflon coatings. Surface resistivities,
measured according to ASTM D257, are greater than 10'° ohm/sq while
volumeresistivities, by the same procedure, are greater than 10’ ohm-cm.
Other electrical propertiesare givenin Table 2.35.

M echanical Properties. The outstanding mechanical properties
of Teflon coatingsincludetheir low coefficientsof friction— thelowest for
any known plastic materials—and their high abrasion resistance. The
coefficients of friction of Teflon and Teflon-like polymersareintherange
of 0.05t00.3 and thus producenon-wetting surfaces. Fluorocarbon surfaces
are both oleophobic and hydrophobic. They are, therefore, used as mold
rel ease coatings and maskants. Adhesion to Teflon surfacesisdifficult and
requires modification of the surface to render it polar and wettable. The
friction and abrasion resistance properties of Teflons are, in fact, so good
that they are often used asfillersin other plasticsto lower their coefficients
of frictionandimprovetheir wear properties. Someexperimental valuesare
given in Tables 2.36 and 2.37. Other physical and thermal properties are
giveninTable2.38.
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Table 2.35. Typical Electrical Properties of Teflon Fluorocarbons*

Property Teflon Teflon Teflon Teflon
PTFE FEP PFA ETFE
Dielectric Constant, 1 MHz 2.1 2.1 2.1 2.6
Dissipation Factor, 1 MHz <0.0001 0.0006 0.0001 0.007
Dielectric Strength,* V/um 18 53 80 79
Arc Resistance,® sec >300 300 >180 122
Volume Resigtivity, ohm-cm >10% >10'8 >10% >10Y
Surface Resistivity, ochm/sq >10%® >10% >10Y >10%

Note: Vdues are averages, not intended for specification purposes. Contact DuPont for
further information.

1100 pm film.

per ASTM D-495.

* Copyright® 2002. E. . duPont de Nemours & Co., used under permiss on of DuPont.
Teflon isaregistered trademark of DuPont for its fluoropolymer resins. (Tables of
Teflon fluorocarbon resins provided courtesy of DuPont.)

Table 2.36. Coefficient of Friction for Teflon FEP (against steel at 23°C)

Load, psi Static Coefficient Dynamic Coefficient, 25 ft/min
1 0.14 0.425
10 0.11 0.415
100 0.08 0.350

Table 2.37. Abrasion Resistance of Teflon PTFE and FEP Coatings

Test M ehod Weight Loss, PTFE Weight L oss, FEP
Armstrong (200 cycles,
ASTM D1242-56, g/in?) 0.337 0.174

Taber (1000g load, CS-17F
Calibrase Wheel, mg)
1000 cycles 8.9 7.5
2000 cycles 134 13.2
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Table 2.38. Typical Physical and Thermal Properties of Teflon Fluorocar-
bons*

P t Teflon Teflon Teflon Teflon
roperty PTFE FEP PFA ETFE
Specific Gravity, 2.15 2.15 2.15 176
g/lcm
Tensile Strength, psi 3,000-5,000 3,400 3,600 5,800-6,700
Elongation, % 300-500 325 300 150-300
Hardness, Shore D 50-65 56 60 72
Taber Abrasion,*
mg/1000 cycles 1 148 i )
Coefficient of Friction
Static 0.12-0.15 0.12-0.20 0.2 0.24-0.5
Dynamic 0.05-0.10 0.08-0.3 - 0.3-04
Contact Angle, water,
degrees 104-111 95-105 104-111 90-100
Melting Point, °C 327 260 306 267
Cure Temperature, °C 379429 360-385 379-399 302—-323
Max. Use Temp., °C
Continuous 260 204 260 149
Intermittent 316 232 288 199
Thermal Conductivity,
Wim.K 0.25 0.20 0.19 0.24
Thermal Expansion,
ppm/°C 100
Water Absorption, %
in 24 hr <0.01 <0.01 <0.03 <0.03
MVTR, g/100 sqin./24 ) 0.40 ) )
hr/mil

Note: Valuesare averages, not intended for specification purposes. Contact DuPont for
further information.

1CS 17 whedl, 1 kg load.

* Copyright® 2002. E. I. duPont de Nemours & Co., used under permission of DuPont.
Teflon isaregistered trademark of DuPont for its fluoropolymer resins. (Tables of
Teflon fluorocarbon resins provided courtesy of DuPont.)
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Chemical and Solvent Resistance. Fluorocarbon polymers are
resistant to the widest variety of organic and inorganic acids and bases,
solvents, and gases. They provideexcellent corrosion protectionfor metals.
Infact, the only chemicalsto which they are not resistant are molten alkali
metal s, such as sodium or potassium, fluorine gas, and fluorine precursors
such asoxygendifluorideand chlorinetrifluorideat elevated temperatures.
Even when there are weight increases and slight absorption of chemicals,
no significant loss of physical or electrical properties occurs.

L imitations. Amonglimitationsinusing fluorocarbonsinelectron-
icsarethefollowing:

» High processing temperatures of 300° to 400°C required
tomelt and fusethe particlestogether intoacoherent film.
This limits their use to substrates and parts that can
withstand these high temperatures.

» Susceptibility tocoldflow andlow cut-throughresistance.

» Poor resistancetoradiation, especially for PTFE Teflonin
anair ambient. However, the Tefzel fluorocarbontypehas
far better radiation resistance than PTFE Teflon and has
been used in many space environments.

2.13 POLYSULFONES

Polysulfones, due to their highly aromatic structures, have high
melting points and low solubilities, thus rendering them more suited to
extrusion or molding processesthantoliquid coating. Asextruded coatings,
polysulfonesfind applications as high-temperature-stabl e, moisture-resis-
tant insulation for wire and cable.

2.13.1 Chemistry

Organic polymers that contain the repeating sulfone unit are
known as polysulfones. Important members of this class are the
polyarylsulfones(PAS) whichconsist of aryl (phenyl, biphenyl, or Bisphenol
A) groupslinked by ether and sulfone groups. A basic polymer structureis
depictedinFig. 2.70.
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Figure 2.70. Molecular structure for a basic polyarylsulfone (PAS).

Other variationsof thisbasic structureinvolvemodificationsof the
aryl units, for example, substitutegroupsfor thehydrogensof thephenyl ring
or inclusion of the isopropylidene group may be used. The latter is
synthesized from the sodium salt of Bisphenol A and p, p’-
dichlorodiphenylsulfone.['%! Such modifications reduce the melting tem-
perature, enhancethesolubilities, andimproveprocessibility, albeit at some
expense to thermal resistance. Polyarylsulfones are semicrystalline ther-
moplastic solids having amelt temperature of 254°C and can be molded or
extruded. Their poor solubilities in organic solvents obviates their use as
solution coatings. As extruded coatings, they have found their greatest
applicationfor high-temperaturewireinsulation.

2.13.2 Properties

Polyarylsulfones are noted for their heat resistance, resistance to
oxidation, and hydrolyticstability. Extensivethermal, physical, and el ectrical
properties are given by L ee, Stoffey, and Neville.[1%]

2.14 POLYARYLETHERETHERKETONE, PEEK

PEEK belongsto a class of ketone polymersin which aryl ketone
groupsalternatewitharyl ether groups. Theether linkagesimpart flexibility
whilethearomatic keto groupsimpart strong thermal and chemical stability.
Likethe polyarylsulfones, PEEK isalinear thermoplastic, semicrystalline
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polymer, but it hasahigher melting point (340°C) than that of PAS (254°C)
and greater thermal resistance. It has short-term thermal stability at 315°C
andlong-term stability at 250°C. [tsCTEis26 ppmfrom 0° to 290°F and 60
ppm from 290° to 500°F.

PEEK’s highly aromatic structure (Fig. 2.71) also rendersit very
resistant toradiation damageand outgassing. Itisreported that no significant
reduction of mechanical properties occurson exposureto 1 x 10°radstotal
flux of gammaradiation.

Electrical properties are reported to be excellent with a dielectric
constant of 3.2 under ambient conditions at 60 Hz, a dissipation factor of
0.003 under the same conditions, a dielectric strength of 480 V/mil, and
volumeresistivity of 4.9 x 10*6ohm-cm.[1%9]

: @)
Figure 2.71. Structure for polyaryletheretherketone (PEEK) polymer.

Like PAS, PEEK haslimited solubility in all organic solventsand
isbest applied by extrusion. Asacoating for electronic applications, it has
found its greatest use asinsulation for wire and cable.

2.15 POLYAMIDES

Polyamides such as nylon, like polysulfones, are generally pro-
cessed by extrusion or molding and used primarily for wire and cable
insulation for commercial applications. As coatings, polyamides are em-
ployed as hardeners to cure epoxy resins improving flexibility, reducing
stresses, and improving other mechanical propertiesof epoxies. Polyamide
hardeners are based on a different chemistry than the nylon polyamides.
(See Sec. 2.6.2)
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2.15.1 Chemistry

Polyamideresinsare characterized by the presence of therepeating
amidegroup along the polymer chain

—C(:0)-NH-

They are formed by the condensation of di- or polyamines with dibasic or
polybasic acids and may be classified according to three main types:

» Thermosettingfatty-acid polyamides

» Thermoplasticfatty-acidpolyamides

» Nylonpolyamides
Of these, the thermosetting polyamides are most widely used as coatings.
They are derived from dimerized fatty acids and trifunctional amines. For
example, diethylenetriamine, DETA, (H,NCH,CH,NHCH,CH,NH,) re-
actswith dimer acid ( amixture of dicarboxylic and polycarboxylic acids
derivedfromlinoleicacid) toyieldaseriesof liquidresins. Theseresinsmay
be used as such, but, more often, are co-reacted with epoxies. The high
concentration of amino groupsalong the polyamidechainreadily react with
the epoxy rings resulting in extensive cross-linking. Epoxy-polyamide
coatings thus formed are reported to possess greater adhesion, higher
flexibility, greater ability towet surfaces, and better corrosionand chemical
resistance than either epoxies or polyamides alone.[*19114 |n addition to
their high reactivity with epoxy resins, polyamide resins co-react with
phenolics and with other resinsto yield highly cross-linked thermosetting
coatings!1

Thermoplastic polyamides are prepared by the condensation of
dimerized fatty acids with short-chain diamines, such as ethylenediamine
(Ho,NCH,CH,NH,). They are quite soluble in many solvents and are
compatible with plasticizers and other resins. As such, they may be
formulated as solution coatings, as aqueous dispersions, or as hot-melt
coatings. Both the thermosetting and thermoplastic polyamides may be
applied by conventional spray, dip, or brush methods. The thermoplastic
types may also be applied by fluidized-bed, electrostatic spray, or hot-melt
methods.

Nylons, originally developed by DuPont, are al so polyamides, but
their structure, asidefrom containing amidegroups, israther different from
the other polyamides just described. Nylon polyamides consist of linear
polymersderived fromthecondensation of aliphatic diamineswithaliphatic



190 Coating Materials for Electronic Applications

dicarboxylicacids, themost common and well-known of whichisNylon 6,6,
prepared fromhexamethyl enediamineand adipicacidasshowninFig. 2.72.
Nylonpolyamides, such asZytel*, havefoundtheir greatest useasmolding
compounds. Thenylon polyamideshavehad only limited useascoatingsfor
electronics because of difficulties in formulating and applying them as
coatings. Because of their low solubility and high softening temperatures,
coatingsaredifficultto prepare. Of thevariousnylons, however, Nylon6 has
been formul ated both as a sol ution coating and adispersion coating for use
asawireinsulation.[*1

2.15.2 Properties

Polyamide coatings, as such, are not widely used asinsulation for
electronic or electrical equipment because of their marginal electrical
properties, especialy in the presence of moisture. Compared with other
polymer types, polyamides absorb above-average amounts of water. In a
24-hour period, they may absorb 1.5 to 2%, and as much as 6% in an 8-day
period whenimmersed inwater.[**3 High performance polyamidessuch as
Zytel HTN, were introduced by DuPont in 1994 and have moisture
absorptionsaslow as0.4%. Polyamide-epoxy combinations, however, are
widely used as coatings, adhesives, filleting compounds, and encapsulants
for many electronic applications.

-H20
HoNCH»(CH2)4CHoNH, - + HOOC(CH2)4COOH ——>
Hexamethylenediamine Adipic acid

l(l) O

[
%c— (CHp);— C— NH(CHp)g— NH%

Nylon polyamide

Figure 2.72. Synthesis of nylon polyamide.

*Zytel® isaregistered tradename of DuPont.
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2.16 PHENOLICS

Phenolic resins, developed in 1909 by L. H. Baekeland, are the
oldest completely synthetic polymers. They have found their greatest
applicationsasmol ding compoundsand laminatesfor commercial products.
Phenolics were among thefirst synthetic polymersto be used in electronic
applications, but were later supplanted by higher performance polymers
such as epoxies. Phenolic coatings are still used for electrical insulation,
impregnating varnishes, and chemi cal-resistant coatings.

2.16.1 Chemistry

Phenolicresinsareformed by thechemical reaction of phenolswith
aldehydes, inthe presence of either an acid or abase catalyst. Thesimplest,
most widely used phenalicresinisbased onthecondensation of phenol with
formaldehyde(Fig. 2.73).

Phenolicresinsmay beliquid or solid, depending ontheir structure
and molecular weight. Hardening or curing is achieved by heating them
either alone or with hexamethyl enetetramine, which acts both as a catalyst
and asourceof methylenegroups.**411% | nthismanner, cross-linking of the
resin molecul es occurs opposite the hydroxyl groups (Fig. 2.74).

Phenolicvarnishesareformulated from substituted phenol ssuch as
the p-phenyl or p-tertiary butyl derivatives by reacting them with tung,
linseed, or other oils. Although these varnishes may beair dried, bakingis
recommended to achieve optimum chemical and environmental resistance.

2.16.2 Properties

Phenolic coatings are available as solution coatings that may be
appliedby spraying, roller coating, or dipping. After ashort air-drying period
toallow evaporation of the solvents, they arebaked at temperaturesashigh
as 205°C to compl ete the polymerization and attai n optimum properties.

Phenolic coatings have four outstanding properties: high thermal
stability, high chemical resistance, good adhesion, and low cost. Some
formulationsarereported towithstand 205° to 260°C continuously withlittle
loss of mechanical or electrical properties. Minera fillers are normally
incorporated to achievethese highthermal stabilities. Fillersareal so added
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toimproveelectrical properties; for instance, fillersincrease arc resistance
and dielectric strength and lower dissipation factors.

Nevertheless, phenalic coatings are losing ground to epoxies for
high-reliability electronicapplications. For example, therearemany reports
that phenolic plasticshave caused corrosion of copper and other metalsdue
to the acidic or alkaline nature of the catalysts used in their cure.

OH
OH
+ HoHo 91 5 CHy CHy——
— —n
Phenol Formal dehyde Phenol-formal dehyderesin

Figure 2.73. Synthesis of simplest phenolic resin.

2.17 POLYSULFIDES

Polysulfides are being treated last in this section and are included
primarily for reference sincethey are not used as coatings or dielectricsfor
microel ectronic applications. Their main uses are as sealants and caulking
compoundslargely for commercial applications.

2.17.1 Chemistry

Polysulfides are aliphatic polymers that contain two or more
consecutivesulfur atomsintheformof disulfide(—S-S-) repeating linkages.
Polymerization occursthrough the mercaptan or thiol (—SH) end-groupsin
their structure. A generalized structure may be represented as follows

HS-[CH,CH,OCH,0CH,CH,~S-S-] ,CH,OCH,CH,SH
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Liquid polysulfideresinsof molecul ar weight 3,000to 4,000 may befurther
polymerizedto producesolidrubbery coatings. Polymerization occursby an
oxidativefree-radical mechanismthroughtheterminal thiol groups. Conse-
guently, they require the addition of afree-radical-initiating curing agent
such asdicumenehydroperoxideor other organic peroxide.l*®l Polysulfides
can also be co-cured with variouspolymerstoyield avariety of elastomeric
or plastic properties based on the ratio of ingredients used. For example,
polysulfides have been reported to co-cure with epoxy resins mixed with
aliphatic or aromatic amines.[*17]

OH OH
_6‘ “*2_6‘ .
PN @\
_QK_ CHZ—Y_ CH—
OH OH
Phenol - formaldehy de resin
nmolecules
OH OH
_[ i ]— CH3 CH,—
CH2 CH2
OH

Cross linked phenolic plastic

Figure 2.74. Polymerization of phenolic resins.
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2.17.2 Properties

Cured liquid polysulfides provide flexible, rubbery coatings that
have excellent adhesion to many surfaces and are excellent as sealers for
water, moisture, oil, fuel, 0zone, and oxidation.**® Their el ectrical properties
are good, but not exceptional. Dielectric constants are high and may range
from5.5to8andinsulationresistance, thoughinitially high, can deteriorate
rapidly and irreversibly on exposure to humidity, temperature, and applied
bias. The choice of curing agent may improve electrical properties, for
instanceusinglead dioxideinstead of cumenehydroperoxide. Theinterme-
diate electrical properties of polysulfides are valuable for many low-cost
electrical applications, principally for transformer and connector pottingand
sealing. Polysulfidesareseldom used for printed circuit assembly protection
or for microelectronic insulation. The application of a voltage potential
acrosspolysulfide-coated conductor patternsunder humid conditionsinvari-
ably lowerstheinsul ationresi stanceval uestolessthan 108ohmsandresults
indecomposition of thecoating. Theel ectrical propertiesof polysulfidesmay
be altered by the addition of fillers, but, in general, they are poor compared
with epoxies, silicones, and other polymers.
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M anufacturing
Technology

The manufacturing steps involved in coating an el ectronic part or
assembly are numerous; eachisessential totheperformanceand reliability
of the end product. Among these steps are;

» Masking (if necessary)

* Cleaning

» Surface preparation

* Preparation of the coating
» Application of thecoating
» Dryingandcuring

* Mask removal

* Inspection

* Rework (if necessary)

Numerouschoicesarepossiblefor each processstep and trade-offs
must be made based on the part to be coated, the expected performance of
thecoated part, yield and cost, and equi pment avail able. Themanufacturing
engineer must be concerned not only with thetraditional processvariables
suchasyield, cost, and equipment, but al sowiththemany local, state, federa,
and even global regulations concerning volatile organics, toxicity, and
flammability.

201
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3.1 MASKING

Often, not al the components of an assembly requireacoating; in
fact, some surfaces must be left uncoated, for example, surfaces where
electrical connections are subsequently to be made. Masking can be a
tediousand labor-intensiveoperation especially for small areasand non-flat
surfaces. Adhesive-backed tape or atemporary coating, one that will not
dissolveor be attacked during application of the permanent coating, can be
appliedmanually. Themaskant should beeasily removabl e, preferably with
water or asolvent that iscompatiblewith thefinal coating. Maskants, such
assol der maskants, aregenerally left permanently on printed circuit boards.
Solder maskants based on epoxy resins are widely used to protect large
areas of a printed circuit board from solder bridging between conductor
lines. They must possess many of the electrical insulation attributes of a
conformal coating and al so be ableto withstand solder reflow temperatures
of 183° to 235°C. With the introduction of |ead-free solders, even higher
reflow temperatures may be needed.

Another approach to masking invol ves special tooling that presses
against areas to be left uncoated and that can accommodate the coating of
hundreds of parts simultaneously. For high production runs, dispensing a
liquid maskantin sel ected areasusing acomputer-programmed dispenseris
becoming morewidely used.

3.1.1 Types of Maskants

Temporary maskantsusedto shield certain portionsof anelectronic
module or printed circuit generally consist of liquid latex formulationsin
either an agueous or an organic solvent medium. Latex maskants are
solutionsof natural latex rubber inwater, stabilized by an alkalinecompound
suchasammoniumhydroxide. Several precautionsareindicatedinusingthis
type of maskant. The alkaline portion can inhibit the cure of some coatings
that cure by acatalytic mechanism or can cause corrosion of metallization,
such as copper, if alowed to remain in contact as aliquid for a prolonged
time.

Synthetic polymer latexesaswater solutionsare also availableand
used wherethe natural latexesinhibit the curing of coatings. Heating either
type of maskant will speed up the cure, but temperatures above 70-80°C
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should be avoided since the mask begins to degrade above these tempera-
turesmaking it difficult to completely remove.

3.1.2 Masking During Parylene Coating

Masking of vapor-deposited parylene coatings is among the most
difficult of all polymer coatingsbecausethemonomer vapor hasatendency
to penetrate and polymerize beneath the maskant. Pressure-sensitive tape
has been used to mask off the leads of ahybrid package or edge connectors
of acircuit board, but considerabletimeisnecessary tofirmly apply thetape
without damaging fragile leads. Subsequent to coating, the removal of the
tapeal sorequirescarenot to damagetheleads. Depending on thetape used,
residuesfrom theadhesive may also beleft behind and must beremoved by
special cleaning. An alternate masking method employsastrippableliquid
latex maskant. The maskant isalso difficult to apply in controlled amounts
inselected areas, anditsremoval istediousin that the parylene overcoating
grips and tenaciously adheres to the maskant. For production coating, the
best technique employs special tooling designed so that a rubber or foam
gasket is pressed tightly against the surface to be protected during deposi-
tion. One exampl e of tooling designed to mask off the seal areasand pinsof
ahybridmicrocircuitisshowninFig. 3.1. Thetooling consistsof two metal
plates, a bottom one that may be flat or contain cavities into which the
assembliesare placed, and an upper metal plate with apertures correspond-
ingtothe cavitiesinthebottom plate. Two thin sheetsof foam or elastomer,
such as RTV silicone, also with apertures, are then inserted between the
plates so that the assemblies are sandwiched between the two rubber sheets
and plates and the seal areas and pins are thus protected.

3.2 CLEANING

Cleaning and preparing asubstrate or an assembly prior to coating
are extremely important steps, but, unfortunately, are often inadequately
performed or not performed at all. Efficient cleaning and surface prepara-
tion are critical to the immediate and long-term performance of both the
coating and theassembly. Residual contaminantssuch asions, salts, fluxes,
oils, and particul atesresultin poor coating adhesi on and subsequent moisture
absorption, corrosion, and el ectrical failures.
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Hybrid package

Top plate
/

“\+— Foam rubber or
elastomer sheets

~—— Base plate

Cross-section of hybrid masking tooling
for horizontal lead hybrid package

Hybrid package

Top plate

Foam rubber or
elastomer sheets

// // |../—Base plate
7777777 /1

Cross-section of hybrid masking tooling
for vertical lead hybrid package

Figure 3.1. Masking tools for parylene coating.

3.2.1 Contamination Control

Althoughitisdifficultto completely avoid contaminantsduringthe
processing and handling of electronic assemblies, contaminants can be
minimized by conducting the coating operationsin clean areas, suchasClass
10,000 clean rooms, or better, and Class 100 |aminar-flow work stations. It
isal so best to conduct thedrying or curing operationsinlaminar-flow ovens.
The clean room classifications are defined in Fed-Std-209*; the class
number isthemaximum number of particles0.5 umor larger that areallowed
inonecubicfoot of air. For example, for aClass 100 clean area, thereshould
be no more than 100 particles that are at least 0.5 um in size. Clean room
facilities are achieved by the continuous laminar flow of room air through
HEPA filtersarranged either vertically or horizontally. Before, during, and

* Fed-Std-209 has been cancelled and superceded by 1SO-14644-1 (Classification of Air
Cleanliness) and 1SO-14644-2 (Cleanroom Testing and Compliance).
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after assembly, partsshould bestoredin dry nitrogen-purged cabinets. Pure,
filtered solvents and chemicals are also necessary to assure cleanliness.
Filtering solventsand coatingsthrough 0.2to0 0.5 um membranefiltersat the
point of dispensing hasbeen found effectiveand useful for themorecritical
applications. Fingerprints, saliva, hair, andfibers, originating from assembly
personnel, are among the more pervasive contaminants encountered in an
electronics assembly facility. They can be prevented from getting onto
circuits by having operators wear finger cots or gloves, face masks, head
caps, and smocks and by the use of protective shields at the inspection
stations. The segregation of particle- and oil-generating equipment, asused
for machining, grinding, and polishing, fromthecleanroomenvironmentis
extremely important. For many consumer/commercial applications, these
precautionsmay be sufficient and only minimal cleaning prior to coatingwill
be necessary.

3.2.2 The Nature and Effects of Contaminants

Contaminants have always been aserious problemin themanufac-
ture and operation of electronic devices and assemblies. The control of
contaminants in the manufacture of integrated circuits where dimensions
are now inthe submicron rangeiswell established through the use of ultra-
clean room facilities and practices. Such tightly controlled clean room
facilities, however, are not necessary at the next level of assembly (die
attach, wirebonding, or solder surfacemounting), but cleaning and handling
are, nonetheless, important. Low yields and electrical failures are not
encountered immediately as with integrated circuits processing, but con-
taminantsleft onthe board causelong-term corrosion or el ectrical failures.
Contaminants most often found on el ectronic assembliesare categorizedin
Table3.1.

Many of these contaminantsare not visible or detectable until after
their separation and magnification as, for example, the fiber and particles
flushedfromaprinted wiring board showninthephotomicrograph (Fig. 3.2).
lon residues are also not readily visible, and are detectable only after
extracting themwith an al cohol -dei onized water sol ution and measuring the
electrical resistivity of the extracts. The lower the resistivity value, the
greater theionic concentration, usually cal cul ated and expressed as micro-
grams of sodium chloride per sguare centimeter (see Ch. 5). The exact
nature of theions may beidentified using instrumental analysissuch asion
chromatography, atomic absorption spectroscopy, or flame photometry.
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| dentification of the particlesand subsequently their sourcecana sobemade
by flushing the part with a solvent, filtering, and comparing the filtered
particles with photomicrographs of known particles as published in the

literature.[!

Table 3.1.Typical Contaminants Found on Electronic Assemblies and their

Sources

Contaminant

Possible Source

Fibers (nylon, cellulose, &c.)

Clothing, paper towels, other paper products

Silicates

Soil, sand, rocks, fly ash

Oxides and Scale

Oxidation products from some metals, for
example, tin or dlver, chipsfrom ceramic
substrates or components

Oils and Greases

From machining, fingerprints, body greases,
hair sprays, tonics, lotions, and ointments

Silicones

Hair sprays, shaving creams, hand lotions,
mold releases, adhesives, potting compounds,
encapsulants

Metas

Slivers and powder from grinding, machining,
and fabricating metal parts, solder ballsand
solder splatter, pieces of aluminum or gold
wire, silver epoxy die attach, silicon chips from
die, nickel plating residues, tin or silver from
metal migration

lonic Residues

Perspiration (ammonium compounds),
fingerprints (sodium chloride), plating and
etching solutions, cleaning solutions containing
ionic detergents, certain fluxes such as glutamic
acid hydrochloride

Non-ionic Residues

Rosin fluxes, non-ionic detergents, organic
processing materials such as photoresists,
adhesives

Solvent Residues

Commercial grade cleaning solvents and
solutions, glycols

Ceramic and Glass

Chips of aluminaor beryllia from substrates,
thick filmresistors, dielectrics
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Figure 3.2. Photomicrograph of contaminants removed from an electronic as-
sembly, showing a long fiber and numerous metallic and nonmetallic particles
(x100).

The presence of metal particles on electronic assemblies, even in
trace quantities, is especially serious. A single metal particle wedged
betweentwo closely spaced conductorscanresultin catastrophicfailure; an
electrical shortimmediately or, intime, corrosionandtheformation of ionic
species. Besides metal particles remaining from processing, as from wire
bonding or solder attachment, metal particleshave been detected in severa
commercial-gradecleaning solvents, probably introduced from storagecans
or intransferring solvent from one container to another. Other non-metallic
particles, such as synthetic fibers, greases, and soil minerals, most likely
generated by assembly personnel, have also been isolated and identified.
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3.2.3 Cleaning Solvents and Methods

Cleaning printed circuit boardsduring various stagesin their fabri-
cation has been treated extensively in the literature.[¥ Cleaning processes
treated in this section focus mainly on those required after aprinted wiring
board or an electronic modul e has been assembled. Since solder maskants
and resists are considered coatings, cleaning and surface preparation prior
totheir applicationwill also beincluded.

Adequate preparation, cleaning, and drying of surfacesare critical
toadhesionof thecoatinginitially and duringthelifeof theproduct. A proven
cleaning procedure for an application should always be specified in a
drawing or processspecification. Toestablishascientificbasisfor selecting
acleaning method, the coatingsengineer first needsto answer thefollowing
questions:

1. What contaminants are likely to remain on the surface
from previous processing and handling steps?

2. What damage can these residues cause, if not removed?
3. How can they be removed?

4. What threshold of contaminantsmay beallowedtoremain
without affecting reliability?

5. What tests can be used to measure the amounts of
residues remaining and assure their removal ?

These are not easy questions to answer or quantify. Elaborate
studies may be required at the beginning to assure that a cleaning process,
oncesel ected and under control, will provideareliableproduct. A discussion
of some of the materials, procedures, and equipment used for cleaning
interconnect substrates and el ectronic assembliesis given below.

The Natur e of Solvents. Solvents may be classified as polar or
non-polar, depending on whether the molecul e hasadipole moment or not.
A highdipolemoment existswhen oneend of themol ecul eisel ectronegative
relativetothe oppositeend. Water isahighly polar molecul e because of the
highly negativeel ectron cloud surrounding the oxygen nucleusanditsnon-
linear structure. Other polar solvents include alcohols, ketones, and alde-
hydes. In non-polar compounds, thedipolemomentiszero. Thismay bedue
tothecancellation of individual dipole momentsdueto the symmetry of the
molecule asin perfluoroethane, other fluorinated hydrocarbons, benzene,
hexane, and heptane. Generally polar solvents are hydrophilic and com-
pletely miscible with water while non-polar solvents are hydrophobic
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(immiscible in water). Hence, for optimum solvency, polar solvents
should be used to remove polar residues, such asionic residues, and non-
polar solvents used to remove non-polar residues such as greases and
oils. Cleaning solvents may thus be categorized into three groups asin
Table 3.2.

Table 3.2. Solvent Types and Examples

Chemical Type Examples
Hydrophobic
Organic Solvents Naphthas, xylene, toluene
Fluorocarbons Freon TF, Freon TMC

1,1,1-Trichloroethane,

Chiorinated Hydrocarbons perchloroethylene, trichloroethylene

Hydrophilic

Acetone, methylethyl ketone (MEK),

Organic Solvents methanol, ethanol, isopropanol

Alkaline, acid, and some detergent-

lonic water solutions
Non-ionic Some detergent-water solutions
Water Tap, deionize, or distilled

Hydrophobi c-hydrophilic

Alcohol naphtha (50:50 mixture),
DuPont TWD-602 (a Freon-water
emulsion containing a surfactant),
Freon TA (an azeotrope of Freon TF
and acetone), Freon T-E35 (a blend of
Freon TF and ethyl dcohol)

Azeotrope solvents are effective since they consist of two or more
solventsthat form aconstant boiling mixture. Their key featureisthat they
distill at a constant boiling temperature that is lower than either of the
constituents without fractionating or changing in composition. Because
azeotropesoften combinepolar and non-pol ar solvents, they areparticularly
efficient solvents when used in avapor degreaser to remove awide range
of contaminantsin one step. These solventsare particularly adapted for the
removal of water-soluble and solvent-sol uble sol der fluxes.
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A dramatic exampleof what can happenif only onetype of solvent
isused isshown inFig. 3.3. When only the hydrophobic solvent was used
incleaning aprinted wiring board prior to coating (Fig. 3.3a), considerable
blistering of the coating occurred after humidity exposure. When both
hydrophobic and hydrophilic (aqueous solution) solvents were used, ho
blistering occurred (Fig. 3.3b).

(b)

Figure 3.3. The effect of aqueous cleaning of a printed circuit board prior to
coating; (a) test board prepared without aqueous cleaning, (b) cleaned with
aqueous solvent.

Environmentally Friendly Solvents. Many organic solvents
previously used to remove organic residuesfrom el ectronic assembliesare
now prohibited or restricted by OSHA and EPA because of emissionsthat
can cause ozone depletion and warming of the atmosphere or because of
toxicity. Unfortunately, some of the best solvents for cleaning electronic
assemblies fall into these categories. Among these are the aromatic
hydrocarbons such as xylene and toluene, chlorocarbons such as perchlo-
roethylene, chlorohydrocarbons such as methyl chloroform, chlorofluoro-
carbons (CFC), and fluorocarbons such asthe Freons. Actualy, all organic
solvents are being scrutinized for toxicity, volatiles, and ozone depletion
effects. Numerous county, state, and federal regulations are in effect
requiring compliancefor ODP (Ozone Depletion Potential), GWP (Global
Warming Potential), VOC (Volatile Organic Compounds), and HAP (Haz-
ardous Air Pollutants). Among currently acceptabl e cleaning solventsare:
deionized water, isopropanol, ethanol, aqueous and semi-agueouscleaners,
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methylethyl ketone, Axarel* 32, Axarel 2200, and Axarel 6100, and azeo-
tropemixturessuch asn-propylbromidewithisopropanol that removeboth
polar and non-polar residues. The Axarel solvents, supplied by Petroferm®,
but originally devel oped by DuPont, and the dichl oropentafluoropropanes
(hydrochlorofluorocarbons), such as AGA Chemicals AK-225 are now
widely used as alternatives to CFC-113. The Axarels are semi-aqueous
hydrocarbon cleaners/degreasers that dissolve and remove flux residues,
[ubricants, oils, and ions from printed wiring assemblies. To clean hybrid
micracircuits and bare-chip microel ectronic assemblies, where Freon and
Freon azeotropes can no longer be used, a class of solvents based on
hydrochlorofluorocarbons such as AGA Chemicals' AK-225, and azeo-
tropeswith alcoholsare effective and al so meet the new regulations. These
newer cleaning solvents are non-ozone-depleting solvents that have high
flashpoints.

Cleaning Mechanisms. There are essentialy five mechanisms
for removing contaminants from a surface:

1. Dissolution. Thisinvolves selecting a solvent that com-
pletely dissolves the contaminants; for example, water
dissolvesionicsalt residuessuchassodiumchloridewhile
organic solvents dissolve oils and greases. In cleaning
assemblieswhere componentshavebeen sol der attached,
it isimportant to know the type of flux that was used in
order to choose the appropriate solvent. A rosin-based
flux, for example, is best removed with organic solvents
while awater-based flux requires water or water-isopro-
panol for effective removal.

2. Chemical Reaction. By this method, the contaminant
reacts with a chemical solution and is transformed into
soluble compounds that can then be washed away. Ex-
amplesinclude the removal of metal oxides and scale by
reactingwithacidsor alkalis. Chemical reactionsmay a so
beof adry naturesuch astheoxidation of organicresidues
by ozone and atomic oxygen generated by exposure to
ultravioletlightinair or oxygen.

3. Physical. Physical dislodging of particlesinvol vesuse of
apressurizedliquidorinert gas, or mechanical scrubbing,

* Axarel® isaregistered tradename of Petroferm, Inc.
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abrasion, or brushing. Examples include the removal of
metal or fiber particlesby ajet spray, by ultrasonic energy,
or by brushing. A relatively new variation consists of jet
spray cleaning with carbon dioxideinwhich solid carbon
dioxide snow and gaseous carbon dioxideimpingeon the
part to dislodge and sweep away particulate contami-
nants.

4. Plasma Exposure. Subjecting the parts to an argon or
oxygen plasmais an effective method of removing thin
organicresidues. Inusing amixture of oxygenand argon,
the mechanism is physical-chemical since it combines
bombardment with energized atomswith oxidation of the
organic residues.

5. Vacuum Baking. Vacuum baking removes volatile resi-
dues such aslow-molecul ar-weight polymer species, ab-
sorbed or adsorbed processing solvents, chemicals, and
moisture.

In practice, cleaning methods that employ combinations of these
mechanisms are the most efficient. The basic cleaning processes based on
these mechanisms may be classified asfollows:

1. Aqueous and semi-aqueous immersion and spray
. Solventimmersion and spray

. Vapor degreasing

. Ultrasonicimmersion

Integratedin-linecleaning

Brushing, scrubbing, or swabbing
Plasmacleaning

Ultravioletlight/ozoneexposure

© ® N U A ®N

Carbon dioxidejet spray

Aqueous and Semi-aqueous Cleaning. For circuit boards and
other electronic assembilies, the cleanliness of the board and its assembled
components before coating is essential for long-term reliability. Where
solder is used to mount components, asin SMT printed wiring boards, the
type of solder flux used generally definesthe cleaning solvent and method
that must be used since some flux residues are water soluble while others
aresolubleonly in organic solventsor in semi-aqueous sol vents.[¥1-1%
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Water, generally containing 5-15% of surfactantsor saponifiers,is
widely used and preferred for cleaning printed wiring boards and assem-
blies. Surfactants lower the surface tension of the water alowing it to
penetrateand wet surfacesbetter, especially inremoving flux residuesfrom
beneath flip-chipand bal-grid array devicesand packages.!®! Semi-agueous
cleaning involvesthe use of amixture of water and an organic solvent such
asaterpene or an aliphatic hydrocarbon and is effective in removing both
organicandionicresidues. Cleaning assembled PWBsafter solder attaching
components and prior to conformal coating is essential when rosin-based
fluxes such as RMA and RA are used. In all cases, a final rinse with
deionized water should be used. Aqueous cleaning methods are among the
simplest, least expensive, and safest cleaning methods, but they must often
be employed with a more aggressive method. Automated pressurized
spraying of agueous, semi-agueous, or organic solvents at different angles
isused to clean printed wiring boards on many production lines (Fig. 3.4).
Directing thecleaningliquid along theplaneof acircuit board hasbeenfound
very effective in removing residues that become trapped beneath BGA
parts. Automatic spray rinsing of printed circuit boards is used by most
productionfirmsasafinal step, often after the boards have been cleaned by
morerigorousprocesses. Deionized or distilledwater having ahighresistiv-
ity isusedtoremoveionicsalt-likeresidues. A continuousrecircul ationand
repurification system should be used to keep the water free of organic
contaminants and particul ates. Thewater should have aresistivity of 15 to
18 megohms.

With the introduction of “no-clean” fluxes (fluxes containing low
solids and leaving low residues), some PWA manufacturers have shown
resultsequival ent to those obtained whenusing RM A fluxes, but without the
need for aqueouscleaning. Conformal coatingsappliedtotheseboardswere
reported to have sufficient adhesion after 21 days at 85°C and 50% RH.!"]
Others, however, report that cleaningisstill necessary even when no-clean
fluxes are used.

When spray cleaning assemblies that contain fragile wire, wire
bonds, and bare-chip devices, such as hybrid microcircuits or multichip
modules, the spray pressure must be adjusted and controlled to avoid
damaging these components. The use of water to clean circuitshaving bare
chip devices and thin-film metallizations has always been discouraged
because of the absorption of water whichislater difficult toremoveprior to
hermetic sealing. Thus, cleaning using organic solvents or azeotropic
mixtures has been the mainstay for hybrid circuits.!®!
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SMT o0

Figure 3.4. Aqueous spray cleaning system, Model SMT800. (Courtesy Aqueous
Technologies.)

Spray cleaning with solvent from asquirt bottle or from an aerosol
can or brushing with a solvent is used primarily after touch up or minor
rework on assemblies that had originally undergone thorough cleaning.
Solvent spraying withahygroscopi c organi c sol vent such asdry i sopropanol
canbeused asafinal drying operation to remove moisturefrom boardsthat
had previously been cleaned with aqueous sol utions.
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Solvent Immersion Cleaning. Like spray cleaning, solvent im-
mersionisasimplelow-cost method and, for effectiveness, may beassisted
by mechanical or ultrasonic agitation or be complemented by another
cleaning method such asvapor degreasing. Immersion in acascade system
is an effective rinsing process. Cascade cleaning consists of successive
rinsesinultrapurewater (18 megohms) or inwater-al cohol solutionsuntil the
resistivity of the rinse solvent stabilizes at a high value of at least 15
megohms.

Water and water-alcohol mixtures are preferred for immersion
cleaning because most purely organic solvents are flammable, do not meet
air pollutionstandardsfor VOC, and areexpensive. However, someorganic
solvents are available that are non-flammable, meet VOC standards, and
canbeusedintightly controlledimmersion equipment that minimizeslossof
solvent.

Vapor Degreasing. Vapor degreasing isawidely used, effective,
and benign method for cleaning electronic parts. In vapor degreasing, the
partissuspendedinaspecially-designed chamber (commercially available)
that all owsvapors of aheated solvent to condense on the part’ ssurfaceand
flushit clean. The condensed solvent, carrying the dissolved contaminants,
drips back into the pot and the process is repeated with the evaporation of
fresh solvent. When the part reaches a temperature where the solvent
vapors cease to condense, cleaning stopsand the part isthen removed. The
partiswashedwithfreshly distilled sol vent asopposed to sol ventimmersion
or other manual cleaning methods where the solvent is stagnant and soon
becomes contaminated. Cooling coils surround the upper portion of the
chamber to prevent solvent vapor from escapinginto theatmosphere. V apor
degreasersmust now comply with strict EPA regul ations pertaining to both
the vapor degreasers and the use of organic solvents. The National
EmissionsStandardsfor HazardousAir Pollutants(NESHAP) requiresthat
batch vapor solvent cleaning machines and in-line vapor degreasers meet
emission standardsimplementing Sec. 112 of the Clean Air Act.[®l Haloge-
nated sol ventssuch asmethylenechloride, perchloroethylene, trichl oroeth-
ylene, chloroform, and carbon tetrachloride are among 189 that have been
identified as hazardous air pollutants (HAP).

Several variations of vapor degreasing exist. The basic method
utilizesthevapor zoneal oneand isefficient only when small amountsof oil
or grease residues are present. A more efficient variation alternates vapor
degreasingwithaliquidspray (Fig. 3.5). Thepartto becleaned issuspended
in the solvent vapors until condensation ceases, then is sprayed with fresh
solvent for approximately 30 secondsand returned tothevapor. Azeotropes,
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constant temperature boiling mixtures of a hydrophobic and hydrophilic
solvent, are popul ar becausethey are capableof removing boththesalt-like
and grease-likecontaminantsinasinglestep. Detail edinstructionsfor vapor
degreasing using a particular solvent may be obtained from the solvent
supplier. Special attentionisbeing paidto reducingtheamount of solvent that
islost through evaporation. Secondary or subzero cooling coilsintheupper
portion of the chamber and the use of automated equipment reduce
emissions.
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Vapor degreaser Vapor-spray-vapor degreaser

Figure 3.5. Diagrams of two types of commonly used vapor degreasers.

The most widely used solvents for vapor degreasing have been
1,1,1-trichloroethane (methyl chloroform), Freon TF, and azeotropes of
chlorofluorocarbons, but these solventsare being rapidly replaced because
of concerns about emissions and ozone depletion. Some alternate accept-
ablesolventsincludeAK-225* (pentafluorotrichl oropropane), azeotropesof
AK-225* withethanol (AK-225AES), azeotropeof AK-225with cyclohex-
ane and ethanol (AK-225-T), and an azeotrope of n-propylbromide with
isopropy! alcohol (Lenium ES**). As with other cleaning solutions, the
compatibility of thesenew solventswith theel ectronicassembliesshould be
verified before specifying them for production use.

*AK-225, AK-225 AES, and AK-225-T are tradenames of AGA Chemicals, Inc.
**|_enium ESisaregistered trademark of Petroferm, Inc.
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Ultrasonic mmer sion. One of the most effective cleaning meth-
odsentailsimmersion of the part in an ultrasonically agitated solvent bath.
The basic equipment consists of an ultrasonic transducer, an ultrasonic
power supply or generator, and a solvent tank. The generator converts
electrical energy from an ac line at 50-60 Hz to electrical energy at the
desired ultrasonic frequency while the transducer converts the electrical
energy into mechanical vibrations. Thetransducer expandsand contractsat
the same freguency generating the desired ultrasonic vibration. Piezoel ec-
tric or magnetostrictivetransducersare employedto generatethe ultrasonic
energy. Sound vibrations at frequencies greater than 20 kHz (usually 20 to
50 kHz) cause cavitation—the rapid formation and sudden collapse of
thousands of microscopic bubblesin the solvent or cleaning solution. The
transfer of thisenergy tothepart resultsinavery strong scrubbing action.!'%
Becauseof thehigh energy imparted tothesolvent, contaminantsarerapidly
and easily dislodged even from crevices and difficult-to-reach areas.

Ultrasonic cleaning is a very rapid process, requiring only a few
minutes per part and lendsitself well to automated procedures. Almost any
solvent or solution may be used for the ultrasonic bath. Many solventsand
cleaning solutionsarecommercially avail ableand others have been formu-
lated for the removal of specific contaminants. The choice of solventsis
limited only by their toxicity, flammability, and vibration damping character-
istics. Some liquids damp ultrasonic vibrations more than others. Concen-
trated detergent solutions and acetone, for example, have high damping
characteristicsand are not as effective asthe Freons. For the most efficient
operation, thesolvents(especially organi c sol vents) should bemaintained at
about 40°C. Cooling may be necessary because ultrasonic agitation heats
the solvent after several hours of continuous operation.*Y Aqueous deter-
gent solutionsor a kalinesolutionsaremoreeffectiveat temperaturesof 40°
to 60°Cinwhich casestheheat generated by thebathitself will besufficient
to maintain these temperatures.

Although ultrasonic cleaning is one of the most effective cleaning
methods, it hasseveral limitationsthat should berecognized. Becauseof its
high efficiency, the bath becomes contaminated and the solvent must be
filtered or purified frequently and replaced periodically. Second, the ultra-
sonicvibrationformsstanding wavesin the cleaning sol vent. Thisphenom-
enon causes areas of concentrated energy called “hot spots’ and areas of
low energy called “ cold spots.” The consequences are erratic cleaning and
possible part damage. To avoid this, some manufacturers of ultrasonic
equipment use either multiple transducer elements or an electronic sweep
that producesrandom harmonicsthereby eliminating thehot and cold spots.
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Finally, precautions should be taken when ultrasonically cleaning
circuitsthat containfragilecomponents. Glassdiodesand other glass-sealed
semiconductor devicesmay fail mechanically or el ectrically duetocracking
of the glass or separation of the leads. Other potential failures involve
distortion or breakage of fine one-mil-diameter wires and separation or
weakening of wire bondsin hybrid microcircuits and damage to glass-to-
metal sealsin hermetically-seal ed packages, rendering them non-hermetic.
Inthese cases, evenif failuresdo not occur immediately, thereisalwaysthe
risk of long-term effects due to the ultrasonic stresses.

Integrated In-line Cleaning. For more effective cleaning, sev-
eral cleaning methods may be used in sequence. One sequence consists of
vapor degreasing, immersinginaheated ultrasonic solvent, and | astly spray
rinsing with fresh solvent and drying. Ultrasonic vapor degreasing is
performed in an integrated multiple-compartment system consisting of
boiling solvent sumps and ultrasonic rinse sumps. This process is easily
automated by empl oying aroboticarm controlled by amicroprocessor (Fig.
3.6). Toprevent contamination of partsdueto particles, theultrasonic vapor
degreaser continuously filters the solvent. The degreaser may also be
equipped with water separators to remove water that is dragged into the
tank. Water separatorsare particularly important when using azeotropes of
hydrophobic-hydrophilic solventsthat tend to absorb moisturefromtheair.
Theintegrated system may al so include cleanlinesstesting equi pment such
as the Omega-meter®.

Brushingand Scrubbing. Brushing or scrubbing with agueousor
semi-aqueous solutions should be used only for cleaning substrates and
printed circuit boardsprior to assembly, or assembl ed printed circuit boards
that are considered rugged enough to withstand the scrubbing action.
Conveyorized automated scrubbingisusually usedfor printed circuit boards
at various stages prior to applying solder maskants. A variety of contami-
nants; ionic, organic, and particul ates, can remain on the PCB prior to the
application of asolder maskant. Some particul ates can become embedded
either in the laminate or in the metallization and be difficult to remove.
Abrasion and vigorous scrubbing are used to dislodge these particles.
Among commonly used effective cleaning methods are pumice scrubbing,
bristle brush scrubbing, and applying an abrasive slurry by a pressurized
spray. It should be noted, however, that such aggressive cleaning can only
beused on PCBsprior to sol der maskant applicationand prior to component
assembly. Pumice scrubbing leaves a copper surface clean of oxides and
sufficiently roughened to promote good sol der mask adhesion, but adequate
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rinsing is required since pumice residues can cause subsegquent peeling or
blistering of the solder maskant.

Toremoveionicsaltresiduesremainingfromacidor akalineplating
and etching processes, aggressive water rinsing and drying are necessary.
Manual brushing or swabbing with organic solventsisoften used after touch
up or rework.

Figure 3.6. Ultrasonic vapor degreaser with robotic conveyor system. (Courtesy
DeltaSonics, Inc., now Branson Ultrasonics Corp.)

Plasma Cleaning. Cleaning and surface preparation by exposing
a part to a gaseous plasma is a proven process that has been used in the
electronics industry for over twenty years. Plasma cleaning is especialy
effective in removing thin residues of tenacious organic materials such as
silicones, mold releases, oils and greases from ceramic, metal, or plastic
surfaces. Plasma cleaning is a dry process in which a gas or mixtures of
gases, primarily argon and oxygen, are energized by powering with a RF
generator at 13.56 MHz and several hundred watts. A key benefit of plasma



220 Coating Materials for Electronic Applications

cleaning over conventional cleaningistheabsenceof solvents, thusavoiding
environmental concernsabout thehandling and disposal of organic solvents.
The effectiveness of removing grease-like residues from a variety of
surfaces has been demonstrated by reduction in the contact angle of a
water-drop. After plasmacleaning, the contact angle for water on acopper
surfacewasreduced from 88° to 31.7°, on aluminum from 64.5° to 32°, and
on an epoxy surface from 85° to 22°.[%2

In the assembly of hybrid microcircuits, plasma cleaning is often
used after dieattachment and prior towirebondingto removebleed-out that
may occur from the epoxy die-attach adhesive during its cure.[*3l Plasma
can be used asthe final cleaning step to enhance the adhesion of coatings
and adhesives. Other applicationsinvol veimproving thewettability of metal
surfacesfor better solderability, stripping of organic filmssuch asphotore-
sists, andremoval of organic coatingsfor rework. Themost commonly used
plasmasarethosegenerated fromargon, oxygen, or mixturesof oxygenand
argon, but other oxidizing gases such as tetrafluoromethane and sulfur
hexafluoride can al so be used. An oxygen plasmaworks by forming ozone
which, in turn, forms high-energy monatomic oxygen.[*¥ The reactive
oxygen oxidizesorganic residues such ashydrocarbonsconverting themto
volatile products primarily water and carbon dioxide. Tetrafluoromethane
works on the same principle; the high-energy plasma consists of CF; and
fluorine free-radical s that react with the organic residue decomposing and
converting it into gaseous species. An argon plasma, although about 50%
slower than an oxygen plasma, is more benign, physically breaking up
organic molecules by impingement. Argonisalsoinert making it safer for
sensitive electronic devicesand plastic substrates. Although very effective
inremoving organicres dues, plasmacleaningisnot aseffectiveinremoving
inorganic or salt-like residues. On the contrary, plasma may embed these
contaminantsfurther into the substrate. Salt-likeandionicresiduesare il
best removed by aqueous or semi-aqueous spray or immersion methods.

Becauseof thewidevariety, functions, and sensitivitiesof semicon-
ductor devices, plasmacleaning shouldfirst betested to assurethat devices
arenot damaged electrically or physically. However, equipmentisavailable
that is capable of generating downstream electron-free plasmathat avoids
electron damage even to sensitive CMOS devices. Equipment is available
that rangesfrom small laboratory model swith 6-inch-diameter chambersto
large capacity production units(Fig. 3.7).
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Figure 3.7. Plasma cleaner. (Courtesy Glen Technologies, Div. of Yield Engi-
neering Systems.)

Ultraviolet Light/Ozone Exposur e. Surfaces can be cleaned by
irradiatingthemwithultravioletlightinthepresenceof air or oxygen. A low
pressure quartz-mercury vapor lamp that generates ultraviol et radiation at
the 254 and 185 nm wavelengthsis used. Organic residues absorb at these
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wavel engths, becomeexcited, and dissociate. Simultaneously, theuv radia-
tion excites and converts the oxygen into ozone and monatomic oxygen.
Thesehighly reactive speciesquickly react, oxidize, and volatilizetracesof
organic contaminants such asgreases, 0ils, silicones, photoresist, androsin
fluxes. The oxidation productsare volatile gases primarily carbon dioxide,
carbon monoxide, nitrogen, and water. Ultraviolet/ozone cleaning is a
simple, inexpensive, and fast method of abtaining ultra-clean surfaces,
especialy as afinal cleaning step following a more traditional cleaning
process. A further benefit for electronicsisthat the cleaning process takes
placeat roomtemperaturein amatter of afew minutes. In cleaning residues
from aplastic surface, as from a solder maskant, the exposure time to uv/
ozoneiscritical since extended timewill degrade the plastic surface.[*®]

Carbon Dioxide Jet Spray Cleaning. Incarbondioxide(CO,) jet
spray cleaning, also known as“snow cleaning,” ajet spray of solid carbon
dioxide" snow” and gaseouscarbondioxideimpingeonthepart anddislodge
and sweep away particulate contaminants. The snow is generated from
liquid pressurized CO, as it expands rapidly through specially designed
nozzles. The CO,is constrained to pass through atriple point where solid,
liquid, and gasco-exist. At thetriple point, theaerosol turnsinto solid CO,,
creating” snowflakes.” Thevelocity, density, and size of thesnowflakescan
becontrolledto provideaggressive, moderate, or benign cleaning conditions.
For example, high-velocity snowflakes, approximately 1-2 um diameter,
provideaggressivecleaningwhilelow-velocity flakes0.5 umindiameter are
used for benign cleaning of precision parts such as optics or hybrid
microcircuits containing fine wire bonds.!'® Snow cleaning isarelatively
new process developed as an alternative to using CFC and other organic
solventsthat areenvironmentally damaging, for example, ozonedepl eting.
Other advantages of snow cleaning are:

» Leavesno residues, essentially adry process

» Removessubmicron particles

» Canremovethinfilmsof greasesand oils

e Cleansrapidly in secondsrather than minutes or hours
e Can be used on very sensitive surfaces

Oneprecaution, however, isthat ambient moisturewill condenseon
the cleaned surfaces becausethe partscool during cleaning. To prevent this
condensation, inert ambient enclosures may be used.
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Theequipment for snow cleaningisrelatively simpleandinexpen-
sive. Cylinders of pressurized CO, and one of a variety of hand-held or
automated spray gunsare commercially available.[11-19

3.3 SURFACE PREPARATION

Subseguent to cleaning, other processesmay berequiredto prepare
the surface for coating. Among these are thorough drying to remove any
residual water or organic solvents used in cleaning and vacuum baking to
remove potential outgassing, especialy from plastic substrates. Other
surfaces may have to be primed or chemically etched to achieve the best
adhesion of the coating.

3.3.1 Drying

Dryingthe partsafter cleaning isimportant in assuring adhesion of
the coating. Partsthat have been subjected to aqueous cleaning, especially
plastic parts, absorb water which, if not removed, resultsin poor adhesion
and blistering of subsequently applied coatings. Drying may be performed
using forced dry air or nitrogen, oven baking for several hours at tempera-
turesup to 95°C or by vacuum baking at |ower temperatures. Other drying
methods involve gettering the moisture by final spraying or rinsing with a
desi ccating organi c sol vent such asdry isopropanol or storingthepartsover
a desiccant.

3.3.2 Vacuum Baking

Besides being amethod of drying, vacuum baking isalso effective
inremovinglow-molecular-wei ght compounds, unreacted constituents, and
other volatile species, thus stabilizing the surface and avoiding outgassing
after thecoating hasbeen deposited and cured. VV acuum bakingiscommonly
used to remove moisture from hybrid microcircuits and multichip modules
prior to hermetic sealing in order to meet the 5,000 ppm residual moisture
requirement of MIL-PRF-38534. Vacuum baking is also effective in
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removing moisture from plastic-coated or encapsul ated integrated circuits
prior to exposure to high-temperature solder reflow, thus preventing the
sudden evaporation and expul sion of water which generatesinternal stresses
and cracking,?3[21 a phenomenon referred to as* popcorning.”

3.3.3 Priming

Many coatings can be applied directly to a cleaned surface and
provide adequate adhesion. Others require a separate primer or an internal
primer to promoteadhesionto adiversity of surfaces. Primersaregenerally
not necessary for epoxy coatings because of their high polarity and affinity
for most surfaces. In fact, solvent-thinned epoxies have been used as
primersfor other polymer coating types. Primersareoftenrequiredfor one-
part and two-part RTV silicone coatings. Primers are generally low-solids
content, solvent-based, and air drying and can be applied by spraying,
dipping, spin coating, or brushing. To be most effective, primers should be
applied in very thin layers. Flammable hydrocarbon solvents are used in
many primers and saf ety measures should be taken to prevent ignition.

3.3.4 Surface Etching

Some surfaceshavetraditionally been difficult to adhereto regard-
lessof the coating used. Notoriousamong theseare Teflon, other fluorocar-
bons, gold, and other noble metal s. It hasbeen necessary to chemically etch
Teflon substrates or Teflon-insulated wire to increase its wettability and
adhesion. Organic solvent solutions of sodium naphthalene complex or of
metallic sodium are Teflon etchants that are effective and commercially
available.* Adequate adhesion to gold, besidesusing primers, may require
abrasion to roughen the surface.

3.3.5 Chemical Surface Preparation

Theformation of oxideson metal surfacesmay either bebeneficial
or detrimental to adhesion. As an example, for the outer copper conductor

*For example, Tetra-Etch®, atradename of W. L. Gore Associates.
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surfaces, itisdesirableto haveahighly reactive oxide-freesurfacetoobtain
the best solder wettability. Surface copper oxide can react with and be
dissolvedinsolutionsof hydrogen-peroxide-sulfuricacid, cupricchloride, or
ammonium-potassium persulfate. In other cases, an oxide is desirable,
especialy in enhancing the adhesion to an epoxy laminate or to a solder
maskant.

3.4 COATING PREPARATION

Besides cleaning and preparing surfaces prior to coating, several
issuesrelated to the preparation and condition of the coating material itself
arecritical tothereliability of thefinal coated part. Amongthesearetheshelf
life of one-part systems and the pot life after mixing of two-part systems.
Conditions of mixing and deaerating of two-part coatings, chemical and
viscosity changesduring storageor application, and contamination occuring
during transfer of the coating al so affect the performance of the coated part.

3.4.1 Shelf Life and Pot Life

Shelf life is the length of time that a coating can be stored in an
unopened contai ner and still beusableand meet all engineeringandreliability
requirements. As ageneral rule, manufacturers recommend a shelf life of
oneyear at room temperature or lower. Storage conditions, especially high
temperatures, may dictate shorter shelf lives.

Pot lifeisan even morecritical manufacturing issuethan shelf life.
The pot life of acoating is the length of time a coating can be used after a
container has been opened or after atwo-part system has been mixed. The
pot lives of two-part systems such as many epoxies, once mixed, can be
extremely short—nhours or even minutes. In such cases, rapid automatic
mixing and dispensing equipment must be used. Once the canisopened, it
isbest to use up all the coating within ashort period of time since changes
such as premature polymerization, increases in viscosity due to solvent
evaporation, air inhibition or moistureinhibition beginto occur. A short pot
lifecanlead to arapid increasein viscosity and substantial material waste.
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3.4.2 One-part versus Two-part Systems

Mixing two-part systems requires care in removing air entrapped
duringthemixing process. A commonly used procedureinvolvesdeaerating
by subj ecting themixtureto amoderate vacuum (upto 28in. Hg) inavessel
that has at least four times the volume of the mixture. The vacuum is
maintai ned until air bubblesarenolonger visible. Thevacuummay bebroken
andreapplied several timesto assurecompleteremoval of air bubbles. One-
part systems are more desirable from a manufacturing standpoint because
noweighing, mixing, or deaerating arerequired, and potlifeisgenerally not
an issue.

3.4.3 Filtering

Besides particlesthat are generated by personnel and equipmentin
anassembly room, cleaning sol ventsand sol utionsmay contain particlesthat
can cause pinholesin the coating. If so, most particles can be removed by
filtering, for example, throughamicroporousmembranefilter, at thepoint of
dispensing.

3.4.4 Storage

Ultraviolet-light-sensitive coatings such as photoresists and
photodefineabl ediel ectricsshoul d bestoredin brown bottlesand processed
under yellow light. Application and processing of these coatings are best
done under clean-room conditions or in a laminar-flow enclosure. Thin
coati ngsaresusceptibleto pinholesdueto specksof dirt or ambient particles.

3.5 APPLICATION METHODS

Because of the wide variety and complexity of electrica and
electronic parts, numerous coating application methods are now in use.
Coating application processes range from the simplest and most common,
low-cost spraying and dipping methods, to the unique higher-cost vapor
deposition and selective dispensing methods. The coating of micron-size
semiconductor junctionsor theapplication of ultrathin continuousdielectric
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layerson the foil wrap of acapacitor, on one extreme, to the impregnation
of huge motor rotorsand stators or the coating of thousands of feet of wire,
at theother, hasnecessitated the devel opment of awidevariety of deposition
and curing techniques. Spraying, dipping, brushing, flow coating, fluidized
bed, vapor deposition, and sel ectivedispensing areused to coat complex and
irregular-shaped partswhilescreen printing, spin coating, extrusion coating,
curtain coating, meniscus coating, and roller coating are used to coat large
flat panels prior to assembling components. In addition, within each cat-
egory, there are several variations. Some of these processes, their advan-
tages, limitations, andtypical applicationsaresummarizedinTable3.3and
discussed bel ow.

3.5.1 Spray Coating

Spray coating isthe most widely used method for applying organic
coatingsto electronic parts. Spraying includesnot only the commonly used
compressed-air vaporization method, but also airless pressure spray, hot
flamespray, hot vapor impelled spray, el ectrostatic spray, dry powder resin
spray, and even the ubiquitous aerosol can spray.

A variety of air-pressure spray equipment is commercially avail-
able, but, intheir use, each coating application must be customized by careful
adjustment of the spray equipment and viscosity of thecoating. Dilutingthe
coating is often necessary for optimum spray characteristics. To avoid
backstreaming of oil andto assureasupply of cleandry air, an il trap should
be utilized on the compressed air lines.

If the part to be sprayed has a high density of components, it may
be necessary to spray the coating on severa different planes to ensure
compl ete coverage both over and under the components. One pass may be
sprayed acrosstheentiresurfaceof thepart holdingthespray gunat anangle
of 45° to the part. The part isthen rotated 90° after each pass, and spraying
repeated in all four directions. If coverage under the componentsiis still
inadequate, it may be necessary to dip coat the unit with a highly diluted
coating (50% or more) prior to spraying. Theviscosity of thediluted coating
shouldbelow enoughto preventfilleting or bridging of thecomponentswhich
can induce stresses. With most coatings, it is difficult to avoid pinholes or
other imperfections in the coating in the first pass. Pinholes or pores that
penetrate through the coating can be eliminated or minimized by applying
multiple coats of the same coating, reducing the probability that a single



Table 3.3. Comparison of Application Methods

Method

Advantages

Limitations

Typical Uses

Spray

Fast, adaptable to various shapes
and sizes, low cost

Material lossfrom overspray;
Difficult to obtain compl ete
coverage on complex parts and to
obtain uniform thickness; solvent
emissions

Printed circuit assemblies,
electronic modules, components,
electronic enclosures, and chassis

Dip

Low cost; good coverage even on
complex parts

Viscosity and pot life of coating
bath must be controlled, bath can
become contaminated, rate of
withdrawal iscritical; masking;
solvent emissions

Ceramic and plastic printed
circuits, fungus and moisture
protection, wireinsulation

Screen Print

Deposits coating in select areas
through a mesh screen; good
pattern definition and thickness
control

Requires flat smooth surface;
requires specially formulated
thixotropic paste coatings

Solder maskants and etching
maskants for circuit boards,
interlayer dielectric, overglaze,
markings

Spin Coat

Reproducible, ultra-thin coatings,
uniform thickness

Requires flat smooth surfaces,
limit on size and shape of
substrate; high materid loss

Photoresists for semiconductor
and thin-film drcuit fabrication;
interlayer dielectric for multilayer
thin film circuits; flat panel

displays

Vacuum Impregnate

Complete coverage of intricate,
closely spaced parts; seals fine
leaks and pores

Requires vacuum or pressure
cycling or both

Caoils, transformers, other
magnetics, sealing porous
structures; metal castings

(cont'd.



Table 3.3. (cont'd.)

of dry powder materials saves cost

of solvent and solvent emissions

the coating; temp. may betoo high

for some electronic parts

Method Advantages Limitations Typical Uses
Thick coatings can be applied inone | Requires preheating the parts gﬂgﬂczlaitg:lgtﬁy(ﬁmy
Fluidized Bed dip; uniform coating thickness; use | above thefusion temperaure of castings; insulation on metal

substrates for circuit boards
and heat sinks

Vapor Deposition

Ultra-thin pinhole-free films;

excellent coverage over complex,
high-density modul es; high purity

Specific for parylene series of

coatings, masking and rework are

difficult; requires special
deposition equipment

Printed circuit boards,
immobilizes loose particles in
hybrid microcircuits, moisture
barrier, dielectric, and
insulator

Extrusion

Low materid waste compared to

spin coating; uniform thicknesses

Requires specia equipment;
requires flat smooth surfaces

Photoresists for semiconductor
fabrication and thin-film
microcircuits, flat panel
displays, interlayer polyimide
dielectrics for multichip
modules

Automated Selective
Dispensing

Automated for high throughput;

coats sl ective areas; avoi ds waste

Special equipment; high cost

Printed wiring boards and
assemblies

Electrostatic Spraying

Efficient coverage and use of
coating on complex parts; can be
automated

Cannot be used on ESD-sensitive

components

Heat sinks, electronic
enclosures, open-work grills,
and complex parts

Brushing

Very simple

Labor intensive; not for high
reliability or production parts

Used primarily for touch up
before or after rework or to
selectively apply protective
coatings to markings
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pinholewill form amoisture path fromtheambient tothesurface of thepart.
A second coat al so providesbetter coverageover solder spikes.Figures3.8a
and 3.8billustrate, on an exaggerated scal e, the formation of pinholes and
the stretching of the coating over sharp edgesand protrusionsafter asingle
coating application; Fig. 3.8cillustratesasubstantial reductioninthenumber
of contiguouspinholesafter asecond coating; andFig. 3.8d showsthesame
component after three coats with no pinholes protruding to the surface.

Epoxy and polyurethane coatingsprovideahigh degreeof chemical
and solvent resistance, but have heretofore been difficult to apply in
production becausethey aregenerally two-part systemsand haverelatively
short pot lives. However, spray equipment isnow available that facilitates
the application of these two-part systems. The equi pment proportions and
mixes the resin and hardener continuously and feeds the mixture to the
sprayhead or extrusion nozzle.

@ (b)

\o

(c) (d)

Figure 3.8. Reduction of pinholes by using multiple coats; (a) wet coat, (b) dry
coat, (c) two dry coats, (d) three dry coats.
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3.5.2 Pressurized Liquid Spray

Most spray methods are based on the principle of atomizing the
coating into a fine mist that is then directed to the part to be coated.
Atomizationisaccomplished by using compressed air, pressurized volatile
solvents, or a high velocity jetstream. With the proper technique, a thin
continuous wet layer of coating may be deposited without drips, sags,
“curtains,” “orange peel,” or other imperfections. A skilled spray operator
can apply auniform coating andinspect and touch up defectiveareasduring
the process. In coating substrates, such ascircuit boards, that have discrete
components, the desired thickness can be achieved by spraying from four
different directionsto cover boththetop andall sidesof thecomponentsand
force the coating beneath the components. Avoiding pinholes, skips, and
voidsshouldbeamajor considerationinapplying environmental protective
coatings. Turntabl es, either hand or power rotated, areuseful inorientingthe
work for directional spraying. Conveyorsmay beutilizedto move partspast
automatic sprayheads, asinfully-mechanized spray lines. All spray coating
should bedonein awell-ventilated spray booth that exhauststhe overspray
and solvent vapors, preferably to afumeor solvent trap system. Fumesmay
benoxious, flammable, and eventoxic after prolonged inhal ation.

3.5.3 Airless Spray

A disadvantage of pressurized spraying is the tendency for the
blown cloud of atomized coating to be swirled out of recesses, holes, and
corners by the accompanying air stream, leaving these areas lightly coated
or bare. Airlessspray equipment avoidsthisproblemsinceit doesnot depend
on atomization by high-velocity air, but produces a spray by forcing the
material under high pressure through tiny-orifice nozzles. The coating is
circulated continuously in the storage system and may be heated to reduce
its viscosity and volatilize the solvents more rapidly. Airless spraying is
highly efficient, especialy for coating parts having numerous recesses,
cavities, or projections.

3.5.4 Aerosol Spray

Theaerosol spray canisaconvenient way to package and dispense
coatings, and almost every conventional paint, varnish, enamel, or one-part
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coating has been successfully packaged in an aerosol can. Automatic
packaging equipment capable of packaging over 100 cans per minute has
greatly reduced the price per can. Aerosol spraying ismaost economical for
touchupandfor priming or coating afew parts. For high-volumeproduction,
automated spray and di pping arethemost economical methods. A limitation
of aerosol packaged coatingsfor el ectronicsisthat two-part systems, asare
most epoxies and polyurethanes, cannot be packaged. At present, the
aerosol methodisuseful only for one-part coatingssuch asacrylics, vinyls,
somesilicones, epoxy-acrylics, oil-modified polyurethanes, and somemois-
ture-cured polyurethanes.

3.5.5 Electrostatic Spray Coating

Severa modificationsof the spray method havebeen devel opedand
are commercially available. Of these, the electrostatic spray process,
originally developed by Ransburg ElectroCoating Company (now ITW
Ransburg), is used extensively to coat parts that have intricate shapesor a
high proportion of open areas. Electrostatic spray coating, aso known as
powder coating, consistsof depositing negatively-charged polymer particles
onto a metal surface. The powder particles are rendered electrostatic as
they are propelled through a diffuser at the front of the spray gun and are
then rapidly attracted to the part that is grounded (Fig. 3.9). Subsequent
curing or fusion of the coating is performed in aslittle as 2060 seconds at
205°C or at lower temperatures for longer periods of time. Some coatings
may be cured by uv irradiation. Well over 95% of thermosetting powder
coatings are applied by electrostatic spraying.

Powder coatings, that may be epoxies, polyesters, epoxy-polyes-
ters, or acrylics, are applied with an electrostatic spray gun. The power
supply operatesat 110volts, 60 cycles, with single-phasevoltageand power
consumption of approximately 71 watts. Theelectric current is210 micro-
amps from the exposed voltage contact when it is grounded. The power
output voltagedoesnot exceed 90,000 voltsdcwhenthegunisactuated. Air
used to propel the powder isfirst passed through a drying bed to remove
moisture. Thepowder isemittedfromthenozzleby arotating diffuser driven
by a small air motor located in the handle. Adequate safety features are
incorporated into the equipment to protect the operator from electrical
shock. Coatings ranging in thickness from 1 mil to over 50 mils may be
applied, depending on the plastic powder selected. In general, the same
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proprietary powder coatings used for fluidized bed or powder spray appli-
cations can be used for electrostatic spray. Some coating types and their
propertiesare givenin Table 3.4.122

Charged e
resin particles ,." - -

Electrostatic
spray gun

To ground
Part heing
coated

Hoses for resin,
electrostatic charge, and air

Figure 3.9. Electrostatic spray coating.

The advantages of the el ectrostatic spray process over other spray
processesincludehighdepositionefficiency (very littlematerial islost from
overspray) and the high film buildup that is achievable in one application,
reducing both time and cost. Coating material savings of 25-50% over
conventional spraying are not uncommon. The processisal so adaptableto
automated production, hence less susceptible to human errors.

Electrostatic spraying lendsitself well to coating awide variety of
metal articles, especially for commercial use. Inthe electronicsindustry, it
may be used for electrical insulation and corrosion protection of heat
dissipators (Fig. 3.10), metal brackets, black-box chassis, circuit board
housings, and motor windings. Electrostatic spraying is not recommended
for coating assembled electronic circuits because of the potential for
damage dueto the electrically charged particles and the high temperatures
required to cure or fuse the particles.



Table 3.4. Powder Coating Types and Typical Properties[??

Typical ) Epoxy Polyester . Polyester )

Properties Std-cure Epoxy Hybrid Acrylic Polyester TGIC*-cured Fast-cure Epoxy
Application
Thickness 20-200 pm 20-200 pm 20-70 pm 20-70 pm 20-200 pm 20-200 pm
I(Br?éteajcyc'e 3min@ 230°C | 3min@230°C | 10min@205°C | 7min @205°C | 7min@205°C | 30 min @ 120°C
temperature) 20min@ 165°C | 25 min @ 165°C | 25 min @ 180°C | 17 min @ 175°C | 20 min @ 155°C
Outdoor
Waeatherability Poor Poor Good Good Very Good Poor
Pencil Hardness HB-5H HB-2H H-4H HB-3H HB-2H HB-5H
Impact
Resistance, 60/160 60/160 20/100 60/160 60/160 60/160
in/lbs
Adhesion Excellent Excellent Excellent Excellent Excellent Excellent
(w/o primer)
Chemical
Resistance Excellent Excellent Excellent Excellent Excellent Excellent
Sol \_/ent Excellent Good Good Good Good Excellent
Resistance
*Triglycerol isocyanurate
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Figure 3.10. Heat-sink rail, insulated with electrostatically-coated epoxy.

3.5.6 Hot-melt Flame Spraying

Inhot-melt flame spraying, acloud of powdered resinsuspendedin
airisintroducedintoaspecial spray gunandismelted by being blownthrough
a flame-shrouded nozzle of the spray gun. The melted plastic solidifies
immediately on contact with the object being coated. This technique is
limitedto plasticsthat are stableabovetheir melt temperatures. Theapplied
coatings are generally thermopl astic types such as polyethylenes, polypro-
pylenes, and polytetrafluoroethylenes. Techniques have also been devel-
oped for spraying some unstable polymers that have sufficiently long
inducti on peri odsbeforedecomposition occurs.[2]

3.5.7 Dip Coating

Dip coatingisan effectivelow-cost production method for coating
electronicpartsor assembliesthat arenot too bulky or irregular inshape (Fig.
3.11). The partsareimmersed into adip tank containing theliquid coating,
thenwithdrawn at acontrolled rateand cured. I n production equipment, the
partsareconveyorized and automatically dippedintothecoating then passed
through an in-line infrared radiation or convection oven for curing. Dip
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coating has an advantage over spray coating in assuring coverage of all
surfacesand crevices. Itismost suitablefor one-part polymer coatingsthat
have sufficiently long pot lives. Its use in the electronics industry can be
limited becausemost high-reliability coatingsaretwo-part systemsandtheir
pot lives after mixing, in some cases, are only fractions of an hour. Evenin
systems with long pot lives, polymerization and/or evaporation of solvent
resultsin continual viscosity changesthat cause variationsin thicknessand
adhesion of the subsequently cured coating. Techniquesused to maintaina
stabletwo-part dip bathincluderepl eni shing sol ventslost by evaporationto
mai ntai n constant viscosity andrefrigeratingthedip bathtoextenditspot life.

Figure 3.11. Printed circuit board assembly dip coated with silicone. (Courtesy
Dow Corning.)

Therateof withdrawal of the part fromthetank isyet another factor
critical for good results. A slow withdrawal rateisbest becauseit produces
uniform thickness. Rapid withdrawal produces coatingsthat arethin at the
top and thick at the bottom. In such cases, abead of coating may remain at
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the bottom edge of the part that blisters on curing. Edge beads, also called
tears, are best removed prior to curing by blotting or wicking the excess
coating with an absorbent material . Adequateair dryingto removesolvents
isrecommended sinceentrapped vol atil escausethecoatingto blister during
subsequent oven cure. Optimum dry conditions (degree of dryness and
amount of residual solvent left in the coating) may be established by
analytical tests such asweight loss versus time and infrared spectrometric
anaysis.

With somesystems, hot dipping may beused toimprovewettability
and minimize pinholes. Hot dipping consists of preheating the part to
approximately 75°C and dipping it into the coating bath maintained at room
temperature. This technique presupposes that the part can tolerate the
preheat temperature. Because of the repeated exposure of the bath to the
preheated parts, care must be taken to maintain the bath at a relatively
constant viscosity. Preheated parts may be dipped in vinyl plastisol which
becomesgelled by theheat leaving asolid layer onthe surface. An alternate
method entails dipping the part at ambient temperatureinto amoltenresin.
The coating solidifieson removal from the heated bath. Resinsused for hot
dipcoatingarenormally thermopl astictypes. Inall cases, contaminantsfrom
thepartsthat aredipped can build upinthecoating bath throughlong or heavy
useand thusthebath should bemonitored and repl enished periodically. With
high-viscosity coatings, such as the 100% solids types, air bubbles may
become entrapped when the two components are mixed. In such cases,
vacuumdegassingiscommonly used to eliminatethisproblem. Most coating
suppliersprovideguidelinesfor dip coating that are specifictotheir coating
materials.

Thefinal thickness of adip-coated part may range from afraction
of amil to several hundred mils depending on the viscosity of the bath, the
rates of immersion and withdrawal, the temperature of the bath, and the
number of dips. With solvent-based coatings, thicknesses of afraction of a
mil to several mils are obtained after one dip cycle. Thicknesses can be
increased by multiple dipping, but when thisisimpractical, anon-solvent-
containing (100% solids) coating should be used. The use of 100% solids
coatingsusually resultsin buildups of 8to 20 milsinasingledip.

Insummary, dip coatinginvolvesmany variables, anongwhichare
theviscosity of thebath, thetemperature of the bath, therate of withdrawal,
temperature of the part, and temperature and humidity of the ambient. In
spite of these many variables and the many controls that are required, dip
coating offersan economical solution for large-scal e production and auto-
matic coating of parts.
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3.5.8 Fluidized-bed Coating

Fluidized-bed coating, also referred to as aerated-bed coating, isa
uniquevariation of dip coating that hasfound extensivecommercial use. The
basi ¢ processand modificationsarethe subject of numerouspatents.?! The
fluidized-bed processwasinventedin Germany by E. Gemmer, and apatent
was issued in 1955 to Knapsack Griesheim.[?! In the same year, it was
introducedinthe U. S. by the Polymer Corporation. Gemmer was awarded
several other patents in the United States extending its coverage to
thermosetting polymers.[?8! According to the fluidized-bed method, dry
powdered resins or partially polymerized powdered coatings are placed in
acontainer and set into motion by controlled-velocity air or inert gasthat is
introduced from the bottom of the container through a screen and porous
membrane (Fig. 3.12). The resultant low-density powder is in constant
motion and behaves as alow-viscosity, low surfacetension fluid. The part
to be coated is preconditioned by one of several methods to promote
adhesion of theparticlesand then dippedintothefluidized bed. Theprincipal
pretreatment methods are:

» Preheating the part (usually a metal) to a temperature
slightly higher than the melt or fusion temperature of the
plastic powder.

» Applyingathinadhesiveprimer, aproprietary processthat
has an advantage over preheating in that areas may be
selectively coated.

» Applying an electrostatic charge to the part to attract
oppositely charged coating particles.

In all three cases, after the part is removed from the fluidized bed,
itisnormally heatedinan oven. For epoxy and other thermosetting coatings,
this postbaking step further fuses and cures the coating, improving its
physical and electrical properties. For thermoplastic coatings, postbaking
smoothes the surface resulting in a less porous coating, an operation
analogousto reflowing of solder.

Process Parameters. The number of process parameters affect-
ing fluidized-bed coatingsis very large: at least 20 have been reported.[”]
However, once these parameters have been fixed and controlled, the
processcanyield highly reproducibleresults. Comprehensivestudiesof the
many variables have been made by Pettigrew!?® and by Gaynor.[?%
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Preheated part
to be coated

A /Air chamber

Low-pressure air

Figure 3.12. Fluidized-bed coating.

3.5.9 Electrostatic Fluidized-bed Coating

As the name implies, this process combines elements of both
fluidized-bed and the el ectrostati c-spray processes. Standard fluidized-bed
equipment isused, but in addition, the plastic particlesare given anegative
charge by applying a high-voltage (approximately 90,000 volts) direct
current. The part to becoated iselectrically grounded and suspended above
the fluidized bed, so that the charged particles can be attracted to the part.
Theprocesshasseveral advantagesover the straight fluidized-bed process,
among which are:

» The part to be coated does not need to be immersed.
» Preheating the part isnot necessary for particle adhesion.
» Largefluidized beds are not needed to coat large parts.
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» Theprocesscan beused to coat thin, low-mass partssuch
aswiresthat cannot becoated by thestraight fluidized-bed
process due to their poor heat retention.

The process has been found most useful in coating large complex partsand
thin-gaugewire.

3.5.10 Electrocoating

Electrocoating, also known as E-coating, is also a form of dip
coating. Asin electrostatic spray coating, the coating particlesare given a
negative charge, but the coating is provided as an aqueous solution. An
electrocoat system applies a dc charge to ametal part that isimmersed in
a bath of the oppositely charged coating particles. The coating is thus
attracted tothe charged metal part and deposited asaeven, continuousfilm.
The electrical nature of the application and the completeimmersion of the
part ensure uniform coverage. Electrocoating isused primarily for coating
commercia and consumer metal items, especially inlarge scaleproduction
suchasthepainting of automobiles. Negatively-charged epoxy formulations
(cathodic epoxy) are best for corrosion protection of metal partsfrom salt
spray and humidity.

3.5.11 Vacuum Impregnation

Vacuumimpregnation, still another dip coating variation, employs
vacuum or vacuum-pressure cycling during the dipping operation. The
techniqueiswidely usedfor thethorough coating (impregnation) of intricate
parts contai ning numerous small cavities such astransformer and inductor
coils, magnetic windings, and porous metal, metal oxide, and ceramic
surfaces. Thorough impregnation isessential in many electrical-insulation
applicationsbecauseany remaining voidsact asmoisturetrapsor regionsfor
coronadischarge, resulting ininsul ation breakdown. Thisisespecially true
for high-voltagetransformer insulation.

Porous parts may be impregnated simply by soaking them in the
liquid resin or coating; however, vacuum evacuation aids in reducing the
amount of entrapped air and moisture. Theair isremoved, then displaced by
the coating. To do thismore effectively, the part is evacuated before being
immersed in the coating. After immersion, vacuum is again applied and
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interrupted periodically to force the liquid into the pores. A sequence of
vacuumfollowed by pressureisevenmoreefficient forimpregnating closely
wound coils. The amount of vacuum and time of immersion required are
determined by thetemperature, viscosity, volatility, and pot lifeof theresin
coating.

3.5.12 Needle-based Dispensing

Coatings may be deposited in selected areas of an electronic
assembly using computer-programmed needle-based dispensing equip-
ment. Advantagesinclude greater transfer efficiency, precisedepositionin
defined areas, and consistent edge definition. Furthermore, closed-loop
control over thecoating eli minatescontamination risks, minimizesviscosity
variations, and avoids the cost of frequent purges and the discarding of
unused coating. However, needle-base dispensing is not suitable for very
high throughput coating operations—even with high-speed robotics dueto
the restriction of flow from the small diameters of the needles.

3.5.13 Automatic Selective Dispensing

Unatomized automati ¢ di spensing equipment can be used for very
high throughput coating of printed wiring boards and other electronic
assemblies. According to this process, anon-atomized dispensing module
moves at a fixed height above the assembly, thus overcoming the speed
limitationsof contact-based, needl e-dispensing systemsand eliminatingthe
overspray associated with atomized systems.[3% Advanced equipment is
now availablethat permitsconformal coating of ahigh mix of circuit boards
usingawiderange of non-solvent-based and sol vent-based coatingshaving
viscositiesranging from 30to 3,500 centipoise. By varying thevolumeand
dispensing pressure and by the use of shaping air jets, coatings can be
dispensed in athin bead, amonofilament, or aswirl pattern (Fig. 3.13). As
with needl e-based dispensing, sel ectivedepositionispossibl e, thusavoiding
masking. A closed fluid system isused, avoiding viscosity variations. For
applicationsrequiring two different coatingsor different thicknessesof the
samecoating onthesameboard, equi pment with dual headsthat depositsthe
two variationsin a single operation can be used.

A non-atomized film coater’ sfan pattern can be varied electrome-
chanically providing awide range of dispensing patterns. When coating a
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Figure 3.13. In-line automated selective coating system, Century® C-740 Series.
(Courtesy Asymtek, A Nordson Co.)

printed circuit board, asmall width may be needed in atight area, whereas
awider width may be needed to coat alarge area. Because the fan width
is related to the fluid pressure, a software-controlled pressure regulator
adjuststhe pressureto set the desired width. Multiple fan widths can be set
and calibrated with thefan width control system and storedin the computer
program. By automatically controlling these multiple widths, accurate,
repeatabl e edges are produced whileincreasing throughput.[3!
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3.5.14 Vapor Deposition

V apor or vacuumdeposition of coatings, althoughahighly desirable
method, can be employed only for a few polymer types. Unlike metals,
organic polymeric material scannot beheated totheir vaporizationtempera-
tures, evenunder high vacuum, without grossdecompositionand destruction
of their physical and electrical properties. Thisis particularly true for the
two-part highly cross-linked thermosetting polymerssuch asepoxies, poly-
urethanes, and phenolics. With these systems, charring and carbonization
occur before vaporization takes place.[3Z

Thermoplasticssuch aspolyethylene have been reported to deposit
from the vapor phase. Polyethylene was deposited as a film 900 to 2,500
angstromsthick by vaporizing solid polyethyleneat 290°C and 10" torr.[33]
Highdepositionratesresultedin poor filmsthat had small inclusionsof solid
polyethyleneembedded inthem. Thisproblemwasalleviated by insertinga
baffle between the vapor source and the part to be coated.

Some success has also been achieved in vapor depositing Teflon
and other fluorocarbon polymers. Teflon wasdepolymerized at 538°Cina
vacuum of 10°°to 10 torr and reported to repolymerize asan adherent film
on a cold substrate.[34 A Teflon-like coating was also sputtered from a
Teflontarget, but, even here, scission of thehigh-mol ecul ar-weight polymer
into smaller fragments and some discol oration due to the formation of free
radicals occurred.l®®)

Except for p-polyxylylene (parylene), the vapor deposition of
polymers has not been practical. The deposition of p-polyxylyleneisboth
unigue and practical. Its key benefits for electronic applications were
discussedinCh. 2. Thestarting material isawhitenon-toxic solid thatiseasy
to handle. The solid dimers of p-xylene are sublimed and pyrolyzed under
moderate vacuum and the gaseous diradicals flow into a deposition
chamber where they combine into long chain polymers on the electronic
assembly that is maintained at room temperature. There is no subsequent
curing step aswith other polymer coatings; deposition and polymerization
occur simultaneously. Figure 3.14 showsaproduction parylene deposition
system, Model 2060V, availablefrom Specialty Coatings Systems.

3.5.15 Screen Printing

Coatings formulated with thixotropic and wetting agents can be
applied by screenprinting, that is, by squeegeethrough astainlesssteel mesh
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screen. Theaddition of thixotropi cagents, suchacolloidal silica, thickensthe
coatingsallowing themto be screen printed or brushed withlittle flow-out.
For screen printing, surfacesmust befairly flat. Coating thicknessesmay be
varied fromafraction of amil to several mils, depending onthescreenmesh
size and the number of coatsapplied. After the deposition parametershave
been established, reproducibl ethicknessesand dimensionsareobtained. To
eliminate pinholes and other imperfections, it is advisable, as with other
coating methods, to apply and superimpose two or three layers, with each
layer partially or fully cured prior to applying thenext layer. By using screens
with a patterned photoresist, insulative coatings can be applied to selected
areas of ceramic or epoxy laminate substrates, often used to isolate thin or
thick film conductors or resistors from active devices that are assembled
over them. Photoemulsion compositions containing gelatin chromate or
photoresistsare used in preparing the screens. Line widths and spacings of
5 milsareeasily produced while advancements are being made to improve
definitionsto 2-mil linesand spacings. Screenabl e epoxies, polyurethanes,
and other formulationsare commercially available. Typical screen-printed
epoxies may be cured at 80° to 150°C and provide 1-mil-thick coatings.

Figure 3.14. Parylene vapor deposition system: Model 2060V. (Courtesy, Spe-
cialty Coatings Systems, Div. of Speedline Technologies.)
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The screen-printing process for applying conductor, resistor, and
dielectric pastes in selected areas of a ceramic substrate is a highly
developed art, widely used in fabricating thick-film microcircuits. Other
applications include applying solder paste to printed circuit boards for
surface mounting of components, applying polymer maskants to prevent
solder frombridging conductors, and applying adhesivesonmultichip module
substratesfor dieattachment. Automated screen printersareavailablefrom
several manufacturers, one of which isshownin Fig. 3.15.

Figure 3.15. Automated screen printing system including MSP-885. (Courtesy
AMI, Affiliated Manufacturers, Inc.)

Automated equi pment for screen printing large panelsupto 24 x 36
inchesisavailable. Withthisequi pment, photoi mageabl edi el ectric coatings,
sol der maskants, and legends can beapplied uniformly over largeareas, for
example, inthe production of BGA panels. Circuit Automation’ s DP-1500
coater has a capahility to coat large dual-sided panelsor circuit boardsin a
vertical direction. Thescreen-printing processprovidespreci semetering of
the coating over the circuitry and uniform coverage on even the highest
conductor traces by forcing the coating between spaces without skips.3!
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3.5.16 Roller Coating

Roller coatingisahighly mechanized and closely controlled process
for coating flat stock. It provides a means for applying afixed amount of
liquid coating to one or both sides of any sheet or strip requiring an even
coating. Thus, roller coating is used for applying photoresists to copper-
laminatestock onwhichetched circuitry issubsequently formed, inapplying
sol der maskantsto printed wiring boards, andinapplyingthindielectricfilms
onmetal foil in fabricating capacitors.

Inroller coating, theliquid coating istransferred from areservoir
pan to the flat surface by means of a series of metering and printing rolls.
Theprinting roll may beembossedtolay down apattern or themeteringroll
may belithographedto print afunctional or decorativedesign. After coating,
the part is passed through the drying and curing zones of an oven, and the
sheets are stacked or the strip is rerolled. Roller coating is widely used
commercially for applying decorativecoatingsto metal stock for cans, bottle
caps, toys, television parts, automobile instrument panels, and lighting
fixtures.

3.5.17 Spin Coating

Spin coating is the standard process for applying reproducible,
uniformly thin (micrometer thickness) dielectric coatings to wafers and
substrates. Spin coatingisused extensively to apply photoresist aspart of the
fabrication processfor semiconductor devicesand thin-film circuits. How-
ever, itisalso gaining prominence asthe preferred application method for
interlayer dielectrics such as polyimidesin fabricating integrated circuits,
thin-filmmultilayer substrates, and chip-scal e packaging.

Thefirst step in spin coating consists of placing the substrate on a
motor-driven rotary vacuum chuck mounted in a bowl. The coating is
dispensed onto the center of the substrate and the spinner is turned on
causingthecoatingtoflow outward and beevenly distributed by centrifugal
force. In general, an excess of coating solution is used to assure good
substrate coverage. Typical film thicknesses range from afew tenths of a
micrometer to one mil. Theresulting thicknessisafunction of the solution
viscosity and the spinner speed and acceleration. Thicker coatings can be
obtained by increasing theviscosity of the sol ution or reducing the spin speed
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or both. Typically, thickness is a hyperbolic function of the spin speed;
thinner coatings are obtained at higher speeds.

Substratesmost often used for spun-on coatingsarecircular wafers
suchassiliconor alumina, although squareand rectangul ar sizescanalsobe
accommodated. Inthelatter cases, coatingswill bethicker at the edgesand
cornersand uniformity will be harder to achieve. Inall cases, itisimportant
that the substrates be very smooth and flat; often polishing the substratesis
necessary to get reproducible thicknesses.

Thicknesses may also bevaried by changing the solids content and
thus the viscosity of a solvent-based coating. In non-solvent coatings,
reactive diluents can be used to lower viscosities. In spin coating, both the
viscosity and the spin speed affect the thickness, thinner coatings being
formedfromlower viscosity formul ationsat higher spin speeds. Figures3.16
and 3.17 show the effect of spin speed on coating thickness for two
polyimideshavingdifferentviscosities.
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Figure 3.16. Spin speed vs thickness for photosensitive polyimide, Durimide”
7505 (low viscosity). (Courtesy Arch Chemicals, Inc.)

*Durimide®isaregisteredtradename of Arch Chemicals, Inc.
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Figure 3.17. Spin speed vs thickness for photosensitive polyimide, Durimide
7520 (high viscosity). (Courtesy Arch Chemicals, Inc.)

3.5.18 Extrusion Coating

Extrusion coating isaprocessfor directly applying coatings (typi-
cally photoresist, polyimide, and other polymers) to a substrate without
spinning and without significant material waste. Theprocessisanalternative
tothemoretraditional spin coating that hasbeenthepredominant methodin
semiconductor, flat panel, and related industries. In essence, the method
usesaprecisionextrusiondie, thatismoved at aclosefixed distance, linearly
with respect to the substrate. Simultaneously, the processfluid is metered
throughthedie, forming acoating bead that ultimately depositsathinuniform
film onto the substrate. Precise control of a number of parameters is
necessary to achieve the desired coating results. The primary advantages
of extrusion coating over spin coating are:[3"]

* Reduced material waste. Polymer coating waste is less
than 5% compared with more than 90% for spin coating.

» Ability to coat largerectangular or square substrate sizes.

» Deposition of very thin coatings from 1-2 um to thick
coatings (up to 4 mils) in asingle pass, depending on the
coating viscosity and the equipment parameters.

» Little or no edge bead.

» Uniformity equal to or better than spin coating (lessthan
+ 3%).
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Extrusion coating wasinitially developed for theflat panel display
industry where it has been used for applying photoresist, color filter
photoresist, and polyimide, primarily to large glass substrates. Further
development resulted in extrusion-only processesthat met or exceeded the
coating results obtained from the spin process.

Extrusion coating is competing with spin coating because of its
advantagein conserving coating material and itscapability of coating large
panelswhereit hasfound its greatest application and where spin coating is
impractical .13 1t has also been used in fabricating MCM multilayer sub-
stratesfromlargepanel sby depositing controlled filmsof polyimideor BCB
(benzocyclobutene) diel ectric.38 In semiconductor manufacturing, extru-
sion coating is used to deposit photoresist onto silicon or gallium arsenide
wafers.

FA STechnol ogieshasbeenthepioneer indevel oping and commer-
cializing extrusion coating and coating equipment. The FAS extrusion
coatershavetightly calibrated digital el ectro-hydraulic pumpsto pushathin
layer of theliquidfilmthroughthecoatingdiedirectly ontothesubstrate. The
substrateisheld stationary and theextrusion head isheld at apredetermined
height. The extrusion head is then moved over the substrate resulting in a
uniform coating. Accurate computer-controlled speed and head height
assure a uniform film of the correct amount of coating.[3?“% Production
extruders capable of coating very large substrate sizes (up to 1200 x 1600
mm) are available from FAS (Fig. 3.18).

3.5.19 Meniscus Coating

Meniscus coating is yet another method for applying uniform
coatingsto largeflat surfaces. The processinvolves generating ameniscus
or thin layer of the coating on top of an applicator and transferring the
meniscusto asubstrate. Theapplicator consistsof atubethat iseither porous
orhasadotatitstop (Fig. 3.19). Theporesor slot arelocated a ong thelength
of the tube perpendicular to the direction of coating. For a coating that
containsnofillers, aporousapplicator isused, whilecoatingsthat havefiller
particlesmust useasl otted applicator. The coating iscontinuously pumped
intooneend of theapplicator tubeandrecircul ated asit dripsfrom thebottom
of the tube into areservoir.[*l The substrateis secured to avacuum chuck
then inverted so that the substrate is suspended 8-10 mils above the
applicator. Thesubstrateisthen moved past theapplicator, or optionally, the
applicator may be moved past the substrate. Asthe substrate passes beyond
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theapplicator, themeniscussplitsand recoil stowardsboththeapplicator and
substrate.

Figure 3.18. Moving-head extrusion coating system. (Courtesy FAS Technolo-
gies.)

Vacuum chuck

Direction of
L \I application motion
Substrate
Polymer Porous applicator
coating

Spill collector

Figure 3.19. Schematic for meniscus coating process.
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Meniscus coating of photoresists, photocurable coatings, and di-
electricsisapplicableto thefabrication of large flat panel displaysand the
large areaprocessing of thin-film multilayer substratesfor multichip mod-
ules.[*2

3.5.20 Curtain Coating

Like roller coating and meniscus coating, curtain coating is yet
another process for applying a coating to large flat surfaces. In curtain
coating, abath with aslot in the base allows a continuous flow (curtain) of
coatingtofall into agap betweentwo conveyor belts. The partsto be coated
aremoved along the conveyor at acontrolled speed and receive the coating
on their upper surfaces (Fig. 3.20). Curtain coating is useful in depositing
photoresists, solder maskants, and dielectric insul ation in the processing of
printed circuit boards, multichip modul e substrates, and flat panel displays.

Coating
- Reservoir

? 0 K X K

Excess Coating Conveyor Belt

Figure 3.20. Schematic for curtain coating process.
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3.5.21 Brush Coating

Brushing does not lend itself to production and results in non-
uniform and non-reproduci blethi cknessesevenfor small engineering quan-
tities. Brushing is used mainly to touch up or repair acoating in adamaged
area, to cover spots where components have been removed and replaced,
andto cover pinholesleft from electrical test probing. Applying the coating
with asmall camel’shair brushisideal for these small touch-up jobs.

3.6 CURING AND POLYMERIZATION
PROCESSES

Various methods are used to cure or polymerize organic coatings.
Heat curingisthemost widely used method andisapplicableto most epoxies,
polyurethanes, silicones, and polyimides. With new government regul ations
onvolatileemissionsand energy conservation andtheneedto shorten curing
times to increase production, curing methods such as ultraviolet light
polymerization, moisturecuring, microwavecuring, and e-beam curing are
becoming more prevalent.

3.6.1 Heat Curing

All solvent-based coatingsrequiredrying which consists of evapo-
rating the solvent at room temperature or at an el evated temperature. If the
solvent-based formulation containsthe prepol ymerized coating, no further
polymerization or curing may benecessary. If thesolvent containsmixtures
of monomersand oligomersfurther curing will be necessary to polymerize
or crosslink thesmaller mol ecules. Thisisusually accomplished by exposure
to elevated temperature for a period of time.

Two-part systems (resin and hardener or resin and catalyst)
generally require elevated temperaturesfor complete cureand polymeriza-
tion. Some epoxies and polyurethanes begin to polymerize quickly after
mixing in the hardener or catalyst (short pot lives) while others require a
definite elevated temperature to begin the polymerization process. In all
cases, exposureto an elevated temperature for a period of timeisrequired
to achieve complete cure.

Step Curing. Curing at asingletemperature doesnot alwaysresult
in optimum properties for a coating. Initial curing at lower temperatures
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allows time for moisture and other volatiles to escape. Step curing at
progressively higher temperatures is often required to complete the cure,
reduce stresses, and reduce subsegquent outgassing from the coating. One
device manufacturer reported that by doing a five-step cure, each at a
progressively higher temperature, theamount of moisturein anencapsul ant
was reduced by afactor of four.[*®! Step curing of some polymer coatings,
such as benzocyclobutene at the high temperatures, may have to be
performed in a nitrogen ambient or in a vacuum to avoid oxidation and
decomposition of thepolymer.

Equipment. The choice of equipment to heat-cure coatings de-
pends largely on the desired properties of the cured product and the
availability and degree of facility automation. For batch processes and
single-temperature curing, a convection oven is al that is necessary.
Convectionovensmaintainaneventemperatureby circulating heated air or
nitrogen through the chamber.

For assembly-line processes, where parts are produced in series, a
conveyorized belt furnaceis used. An oven loses its temperature stability
each time the door is opened, for exampleto insert more parts—a problem
not encountered with the conveyorized belt furnace. Conveyorized belt
furnaces have heated zones that can be maintained at several temperatures
sothat step curingiseasily performed. By changing thebelt speed, thedwell
timein each heated zone can beadjusted and controlled. A conveyorized belt
furnace may also be placed in-line with an automatic spray or dip-coating
system.

A variation of the conveyorized belt furnace is one in which the
infrared energy is used to cure the coating instead of radiant heat. Infrared
energy is absorbed by the carbon-carbon bonds of the polymer coating as
well asby thecarbon-hydrogen and other bonds. Thebondsbegintovibrate
at arapid rate causing localized heating of the coating. If thewavel ength of
the IR energy isnarrow, only the organic coating will be heated, rendering
the process cooler overall than radiant heating.

3.6.2 Moisture Curing

Some prepolymer resins or monomers contain functional groups
that are blocked and unreactive until exposed to atmospheric moisture.
Moisture reacts with the blocked groups freeing the functional groups
allowingthemto polymerize. Most RTV siliconesand some polyurethanes
cure in this manner. Optimum electrical and physical properties usually
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require 24 to 48 hours of exposure to air at a minimum of 30% RH and
sometimesrequireashort thermal post-cure. For thisreason, manufacturing
facilities located in hot, dry climates should avoid selecting conformal
coatingsthat rely on moisture curing. The mechanisms and chemistries of
moisture curable coatings were treated in Ch. 2.

3.6.3 Ultraviolet Photocuring

Shortening thetimeand temperatureof curingisacurrentissuethat
isbeing exploredinorder to conserveenergy, increase production through-
put, and reduce costs. One approach is through the use of photocurable
coatings. Although photocurabl e coatingshavebeenused for over acentury
asphotoresists, primarily in photoengraving and printing processes,[*4 they
haveonly recently gainedfavor intheel ectronicsindustry. Rapid uv-curing
coatingsarenow availablefrom several suppliersand al themajor polymer
types have been modified or formulated so that they can be polymerized on
exposuretouv light. Ultraviolet- curing coatingsarelargely basedonacrylic
or acrylic-modified polymers. They aregenerally one-part, 100%solids, thus
avoiding solvent emissions. When stored properly, their shelf lives range
from six months to several years.

Beneficial propertiessuchasrapid cure, reduced solvent emissions,
room temperature cures, and the ability to coat heat-sensitive devices and
circuits make photocurable compositions attractive for many electronic
applications. In addition, some photocured coatings have been reported to
possess enhanced physical and mechanical properties,[*®! and, because of
their short cure times (seconds), lend themselves well to completely
automated production lines.!“€l Optimum curing occurs in the wavelength
rangeof 25010400 nanometerswitharadiant output of at least 150 milliwatts
per squarecenti meter.l4”l Generally, medium pressuremercury vapor lamps
areused. Many companiesthat sell uv-curablecoatingsal so sell compatible
curing equipment ranging from portabl e, hand-held wands for spot curing
coatings, adhesives, sealants, and encapsulants*®! to conveyorized-belt
systems (Fig. 3.21) for curing conformal coatings and marking inks.

Ultraviolet and uv/visi bleradiation-curing equipment canemit light
at specific frequencies matching the absorption bands of photosensitive
groupsin polymeric coatings and adhesives. The shape and intensity of the
emitted light can bevaried to flood alarge area, to focusthe beam for high-
intensity high-speed curing, or tofocusthebeam onasmall area(spot curing)
which isbeneficial inrework and repair.
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Figure 3.21. Conveyor uv-curing system. (Courtesy Dymax Corp.)

A major limitation in using photocured coatings on printed wiring
assembliesistheinaccessibility of light to cure portions of the coating that
are shadowed by large components. To obviate this, adouble cure mecha-
nism is used, for example, uv curing followed by heat curing or moisture
curing. Somenew polymer resinshave been synthesi zed that combineinone
molecule both the photosensitive group and the moisture cure group, for
example, apolyurethanethat isuv cured, but can subsequently be moisture
cured to assure that the shadowed areas are also cured.!*”)

Photoinitiation. Most photocurabl ecoatingsrequireaphotoinitiator
tostart thepolymerization process. Photonsfromtheultraviol et sourcereact
with the photoinitiator to generate active catalyststhat join and cross-link
monomers and oligomers into high-molecular-weight polymer structures
that are insoluble and resistant to chemicals. Thus most photosensitive
coatings are negative-acting types.

Photo-induced polymerization may beof twotypes: free-radical or
cationic. Free-radical polymerization requires high intensity uv radiation,
resultsinrapid curing, and permitstheapplication of awiderangeof coating
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thicknesses. Although photocured coatings based on free-radical mecha-
nismsarethe most widely used, coatingsthat cure by acationic mechanism
have some unique benefits and are gaining greater attention. Among these
benefits are:

1. Onlylow-intensity uvradiationisrequired

2. Curing continues after the radiation source has been
removed and all the photoinitiator has been depleted.[*!

Thecationic processallowsareasnot directly exposed to thelight sourceto
be cured, called “dark” or “shadow” cure, whereasthefree-radical process
requirescompl eteexposuretouv light for effectivecuring.[>® Thechoiceof
free-radical or cationic-curecoatingsdependslargely ontheapplication. For
example, cationic curingishbest for curing adie-attach adhesivewhilefree-
radical curing is best for defining precise patterns of tight tolerances.

In most cases, uv exposure should still befollowed by asecondary
heat cure because some coating is shadowed by anirregul ar topography or
flow beneath devices. Such secondary heat curesare not aslong aduration
nor do they require as high atemperature as normal heat-curing systems.
Ultraviolet exposuretimeto obtain atack-freefilm canrangefromlessthan
a second to several minutes depending on the specific formulation, the
intensity and wavel ength of theuv radiation, and thethicknessof thecoating.
Some examples of uv-curing conformal coatingsare givenin Table 3.5.

Free-radical Photopolymerization. Free radicals used in
photoinitiation aregenerated by oneof two methods: intermol ecul ar hydro-
gen abstraction or intramolecular photocleavage. Both methods require
absorptionof light energy, followed by excitation to producetheactivefree
radicals. Examples of compounds that undergo intermolecular hydrogen
abstractionarebenzophenone, benzil, and 9,10-anthraguinone. Exampl esof
compounds that undergo intramolecular photocleavage include benzoin
ether and phenyl-1,2-propanedione-2-o-benzoyloxime. The free radicals
react with monomers and oligomersto initiate polymerization. Competing
with polymerization isthe decay and recombination of thefreeradicalsand
reactions of the free radicals with the growing polymer chain and with air
oxygen. A general reaction schemeisshownin Fig. 3.22. Oxygeninhibition
can be avoided or controlled by adding oxygen scavengers to the coating
formulation or by curing in an inert ambient.



Table 3.5. Properties of Ultraviolet-cured Conformal Coatings

. . UVC-6/F300 UV C-6/5002 Secondary Heat
I’t\le(;n Description Appearance V'SZOSW Conveyor speed Conveyor speed Cure
' (cp) (ft/min) (ft/min) (if necessary)
Hard coating,
environmentally
984- . . Clear, 39 1-3 . o
LVUF resistant, highly fluorescent 150 (1-2 sec exposure) (25 sec exposure) 30 min@120°C
fluorescent for easy
inspection
o | Ve fos curing hard Clear, 150 10-25 3-5 60 min @ 110°C or
H O,
LVF high-speed producion fluorescent (<1 sec exposure) (12 sec exposure) 30 min @ 120°C
Flexible coating with
920557 | P et daorel Clear, 2,500 39 13 60 min @ 110°C or
- 1 H 0,
excallent thermal shock fluorescent (1-2 sec exposure) (25 sec exposure) 30 min @ 120°C
resistance
Two-part system like
o | s8a-LVUFwhichcures | Clear, 15 25 1  pinnecessary, heet
Cure® in areas shadowed from fluorescent (23 sec exposure) | (50 sec exposure) art cure
Ure™ | light at RT P
Like 9-984-LVF; cures
9-984.p | t0 @ opaque black Deep blueor 6.000 10-25 3-5 60 min @ 110°C or
finish to hide black ' (<1 sec exposure) (12 sec exposure) 30 min @ 120°C
components or circuitry
(Courtesy Dymax Corp.)
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1. Initiator + Light > Free Radical

2. Free Radical + Monomer —) Polymer Initiation

3. Free Radical + Free Radical ——————>» Recombination

4. Polymer + Monomer ———————> Polymer Propagation

5. Polymer + Polymer ——————>» Polymer Termination

6. Polymer + Oxygen ————————————> Oxygen Inhibition

7. Free Radical + Oxygen ————————> Oxygen Scavenging

Steps 1, 2, 4, and 5 generate polymer chains.
Steps 3, 6, and 7 inhibit chain growth.

Figure 3.22. General reactions for free-radical photopolymerization.

CationicPhotopolymerization. Incationic photopol ymerization,
compoundsthat convertto Lewisacids* onexposureto uv light areused as
photoinitiators. Among these compounds are aryldiazonium salts, diaryl-
iodonium salts, and triarylsulfonium salts. The Lewis acids generated are
long-lived and continue to catalyze polymerization after the uv source has
been removed. This ensures curing in shadowed areas and under compo-
nents.I> A further benefit of cationic curing isthat an inert atmosphereis
not necessary during curing sincethereactionsarenotinhibited by oxygen.

3.6.4 Ultraviolet Polymerization of Gaseous Monomers

Gaseousmonomersadsorbed onto asurfacemay bepolymerized by
exposure to uv light either in the presence or absence of air. The most

* A Lewisacid isdefined asacompound whose el ectron orbital s can accept electrons, e.g.,
borontrifluoride. Conversely, aL ewisbaseisan electrondonor, e.g., triethylamineor other
tertiary amines.
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effective uv wavelength range has been found to be between 2,000 A and
3,500 A and may be generated from a 700-watt medium pressure Hanovia
mercury-arc lamp. The deposition chamber is evacuated to about 107 torr
to remove moisture and the gaseous monomer is then introduced and
mai ntai ned at approximately 4 torr duringirradiation.

Monomers that have been found most suitable for ultraviolet
polymerization are those containing double bonds (unsaturation). Such
bondsopen up by afree-radical mechanism, allowing ahead-to-tail coupling,
withtheformation of thin solid films. Styrene, butadiene, methylmethacry-
late, acrolein, and divinylbenzeneareafew exampl esof monomersthat have
been polymerizedinthismanner. Theuv polymerization of methyl methacry-
late was reported as early as 1937. Melville described the deposition of a
solid film on the walls of a vessel containing the gaseous monomer on
exposuretouv light.!>d Subsequently, during the 1960s, theuv polymeriza-
tion of other monomerswasreportedincluding acrolein, divinylbenzene, 5%
butadiene,[> tetrafluoroethylene, and hexachl orobutadiene.[!

3.6.5 Microwave Curing

Variable frequency microwave (VFM) curing isarecently devel-
oped process for rapid curing of polymer coatings, adhesives, and
encapsul ants.[8 |t differsfrom conventional microwaveprocessinginusing
swept frequencies rather than a fixed frequency. Variable frequency
microwave utilizes three parameters: central frequency, frequency band-
width, and sweep rate. Through the sweeping process, problems of non-
uniformitiesintemperatureand arcing associated with conventional micro-
waveovensareavoided. Variablefrequency microwavecuringisreported
tobe2to10timesfaster than conventional heat curing. A further advantage
is that it permits uniform distribution and precise control of microwave
energy and heats large sections uniformly. Compared with conventional
heat curing, VFM curing was found to offer similar die stress levels and
reliability and reduced warpage of FR-4 laminate substrates onto which it
wasapplied.[51 Since 1994, L ambda Technol ogies has pioneered the VFM
process and has commercialized it through the devel opment of microwave
equipment.
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3.6.6 Electron-beam Polymerization

The polymerization of gases by electron-beam (e-beam) exposure
was discovered accidentally. During experiments with electron tubes and
€l ectron-beam equipment, it was noted that thin films formed and clouded
the inside of the tube. These films were identified as resulting from trace
amounts of contaminant gases entering the chamber from silicone oil used
in the vacuum pump. For years, these filmswere considered anuisance, 8!
but in 1954 it was suggested that e-beam polymeri zation could be useful as
a new method for depositing ultrathin polymers,® and, in 1958, the
significance of this technique in fabricating microelectronic circuits and
devices was reported.[®]

In effecting polymerization, the electron beam generates free
radicals, ion radicals, and other activated species from liquids or gases
adsorbed on asurface. These activated species are short-lived and quickly
combinetoformlong-chainsolid polymers. Inthisrespect, e-beam polymer-
izationissimilar touv polymerization. Also, aswith uv polymerization, gases
or liquidsused arethosethat contain double bonds(ethylenic groups). Thus
tetrafl uoroethylene has been polymerized with high-energy electrons. Un-
der the same energy conditions, copolymers of tetrafluoroethylene with
hexafluoropropene, polyvinylidenefluoride, and other ethylenic polymers
have been prepared.[®! The continuousand rapid curing of styrene, polyes-
ters, diallylphthalate, and vinyl carbazole monomers to form 1-mil-thick
coatings using an e-beam source of 50 to 250 keV was reported by
Davison.[® Styrenated polyesters, polyvinylchlorideplastisol s, epoxy acryl -
ics, and acrylicmonomershaveal so been polymerizedinfilms0.5t0 125mils
thick using an e-beam source of 300 kV, 25 mA, and total output of 7.5
KW . (691

The advantages of applying and curing coatings by e-beam expo-
sure are the speed of curing and the fact that heat is not required, which
obviates the possible degradation of heat-sensitive devices.[5 Thin films
may also be deposited in selected areas without masking by programming
and directing the beam. Very fine lines and areas may thus be defined.[5°)
However, inspiteof theseadvantages, thee-beam processhasfound limited
application because of the high initial equipment cost, subsequent high
operating cost, shielding problems, and the sensitivity of many semiconduc-
tor devicesto electron radiation. Depending on the electron energy, over-
heating and damage to the substrate can occur. Still another problem
encountered not only with e-beam curing, but al sowith curingmost ethylenic
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monomers by the free-radical mechanism, is the inhibition of cure that
occursin the presence of atmospheric oxygen. [ Films often remain tacky
and partially cured. Techniquesto prevent thisby excluding oxygen during
the cure include evacuation, use of an inert gas ambient, or use of oxygen
scavengers.

3.6.7 Glow-discharge/Plasma Polymerization

The glow-discharge method for depositing and polymerizing thin
films, a'soknownastheel ectric- or silent-dischargemethod, entail sstriking
an electrical discharge between two electrodes in the presence of a
monomer gas. A potential of several hundred to several thousand voltsis
employed. Under dcconditions, thesubstrateto be coatedismadetheanode
or is attached in some manner to the anode. In ac discharge, the substrate
is placed between the anode and the cathode. A third variation of glow-
discharge usesradio-frequency-excited mol eculesand does not requirethe
use of electrodes. Thismethod isreferred to as el ectrodel ess discharge or
plasma polymerization. The need for low-dielectric-constant thin films as
interlayer insul ationfor high-speed circuitshasmadeplasmapolymerization
an area of intense study.

Inplasmapolymerization, amonomer isexcited by radiofrequency
or microwave energy forming active species, primarily free radicals and
ions. These activated species combine to form thin polymer films on a
surface. The physical and electrical properties of the resulting polymers
depend on the energy frequency,[%6! the monomer gas pressure, [ and the
reactor design,[%8 aswell asthe monomer itself and the surface onto which
the coating is deposited. Some surfaces lend themselves well to the
formation of strong chemical bonds, whileothersarerather passiveresulting
inweak adhesion. Theenergy used canvary fromlow radiofrequencies(13
MHz) to high microwave frequencies (2.5 GHz).[%9 A typical pressureis
100 millitorr, although higher pressures have been studied.[67]

To polymerize, the monomers must possess active groups such as
doublebonds, oxygen, fluorine, amines, or combinationsof these. Mixtures
of two or more monomers may also be used to create new classes of
polymers having unique properties.[’ A large number of monomers have
been polymerized by glow discharge, producing filmsfrom several hundred
to 10,000 angstromsthick. Bradley and Hammes,!7H for example, reported
the formation of films from over 40 different monomers and provided
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considerable data on their electrical properties at various temperatures.
However, no data were given on the exact characterization of the polymer
films. Thirty different monomers were polymerized by radio-frequency
plasmaby Smolinsky and Heisd " as potential thin-film capacitor dielec-
trics. Of these, the best films were derived from dimethylpolysiloxane,
triethylsilane, diethylvinylsilane, vinyltrimethylsilane, heptene-2, cyclohexene,
styrene, valeronitrile, and 2,5-dimethyl-2,4-hexadiene. Filmsweredefinedin
terms of their electrical and physical properties; but again, as with other
investigations, no structural or compositional characterizationsweregiven.

The glow-discharge technique has al so been used to produce thin
polymeric films from halogenated olefins, including fluorinated deriva-
tives.[”3-74 Thesefilms, found suitabl easdiel ectric coatings, wereformed
by the application of a potential of several hundred volts between elec-
trodes.[”™]

Finally, a series of hydrocarbon and fluorocarbon films was pre-
pared by the electrodel ess discharge method, with isobutylene, ethylene,
acetylene, diacetylene, toluene, trifluoroethylene, and tetrafluoroethylene
used as starting materials.!”® Films formed from ethylene, acetylene, and
diacetylene possessed structuresanal ogousto highly cross-linked polyeth-
ylene. Films derived from toluene showed structures (using infrared spec-
troscopy) similar to polystyrene, while films derived from the fluorinated
monomers were assumed to be Teflon-like in structure.

Key advantages of the glow-discharge or RF plasmamethods are
the simultaneous deposition and polymerization and the complete coating
coverage that they afford. The large spread in the angle of incidence with
whichtheactivated gas mol ecul es strike the surface allowsthe polymersto
form within and behind all crevicesand to cover all surfaceimperfections,
resulting in an integral coating.l””! Other advantages include: choice of a
widevariety of monomer starting materials, low substrate temperature (the
part may be kept even at room temperature), and no necessity for a high
vacuum. On the negative side, the properties of plasma-polymerized thin
films have been difficult to reproduce because of the large number of
variablesinfluencing their formation. Often freeradicalsremaininthethin
filmscausinginstability and degradation.[”®!

An effective use of plasma has been to induce surface changesin
aready cured polymers. Exposure of apolymer to plasmacan alter surface
propertiessuch aswettability, adhesion, surfaceresistivity, and thefriction
coefficient.[”® Polar or non-polar groupscan al so begrafted onto apolymer
surfaceinthe presence of aplasmarendering the surfaceeither hydrophilic
or hydrophabic. Fluorocarbon plasmasgenerated from carbontetrafluoride
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or hexafluoroethane, for example, have been used to produceaTeflon-like
surfaceonanorganicpolymer, rendering it hydrophobic.!®9 Other functional
groups such as hydroxyl or amino groups can a so be grafted to a polymer
surfaceby usingallyl alcohol or allylamineplasmas, respectively, rendering
thesurfacehydrophilic.[8!

3.6.8 Gamma-Radiation Curing

Aswith other forms of radiation energy, gamma radiation can be
used to polymerizeor co-polymerizecertaingaseous, liquid, or solid mono-
mers. Gamma-radiation-induced reactionsaresimilar in natureand mecha-
nism to those induced by uv radiation. Consequently, the same classes of
polymersused for uv curing are amenableto gammacuring. Theseinclude
the general class of ethylenic compounds such asvinyls, acrylics, alylics,
and polyesters. Epoxy resins, however, aredifficult to polymerizeby gamma
irradiation. High dosages of 4 x 108radsand greater arerequired and, even
0, only asmall percentage increase in molecular weight occurs. 82 How-
ever, indirect techniques may be used to radiation cure epoxies. The epoxy
resin may be modified to incorporate vinyl or ethylenic groups that are
radiation sensitive. Gamma irradiation can then induce polymerization
through these functional groups.

Aswith plasma, another useof gammaradiation consistsof grafting
gaseous or liquid monomers onto the surfaces of solid plastics or coatings,
thus altering the surfacesto improve their wetting, antistatic, adhesion, or
surfaceresistivity properties, depending onthe group that isgrafted. Asan
example, acrylic groups have been grafted onto Teflon film to give it
antistatic properties.[83 Other specific applications in which the moisture
resistance, chemical resistance, and radiation stability of polymers have
been improved by gamma irradiation grafting have been described by
DasGupta.[84]

Commercia gamma-radiation equi pment utilizesoneof threegamma
sources: cobalt 60, cesium 137, or iridium 192. Dose rates may range from
5 x 10* rads/hour to 6.4 x 10* rads/hour.

Although extensive experimental work has been performed on
using gammaradiationto polymerizemonomers, very littleisreported onthe
practical applications of thistechnique for electronics. However, gamma-
radiation curing, as well as other radiation-curing methods, hold much
promisefor future electronic applications. Among some potential usesare
the curing of insulating coatings or capacitor dielectrics, the fabrication of
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detailed microinsulation patterns, and the devel opment of materialshaving
precise bulk or surface electrical properties.

3.7 MANUFACTURING ISSUES

Manufacturing must be aware of and address some special issues
relating to coatings. Among these are cross contamination of storage
containers, dispensing equipment, and curing ovenswherethe sameequip-
ment is used for severa different coatings. Thorough cleaning before
processing the second coating type isimportant to avoid poor adhesion or
inhibition of cure. Manufacturing is also responsible for the safety of
operating personnel and must take measuresto prevent exposuretovolatile
emissions, flammabl e sol vents, and toxic material sduring processing of the
coatings. Inspection to assure that each part has been thoroughly and
uniformly coated isimportant, but not easy. Finally, manufacturing must
have a reliable rework process in cases where a high-value part must be
repaired. Procedures are necessary to remove the coating, replace a
malfunctioning part, and recoat without affecting thereliability of therest of
the assembly.

3.7.1 Cross Contamination

The constituents of some coatings, adhesives, and encapsulants
haveatendency to migrateto other portionsof anassembly and degradethe
adhesionandintegrity of subsequently applied coatingsor adhesives. These
constituents, generally low-molecular-weight species, may also volatilize
during cure and contaminate the curing ovens. The early siliconeformula-
tions presented many manufacturing problemssincethey had atendency to
migrate. Once an oven was used to cure silicones, it became contaminated
and could only be used for curing other silicones. To avoid any problem,
manufacturing shoul d dedicateaseparatecuring ovenfor silicones. Theuse
of asingle spray system for dispensing both silicones and other polymer
coatings should al so be avoided. Although recent siliconeformulationsare
touted asnon-migrating, thereisstill arisk becausethelow surfacetension
of silicones affectsthe wettability of other polymer types such as epoxies,
polyurethanes, and acrylics. Residual silicone that deposits on a printed
wiring board during processing resultsin “fish eyes,” cratering, and loss of
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adhesion of a subsequently coated board.l®® Even if ovens and other
processing apparati are not used for silicones, they should be cleaned
periodically to avoid other types of cross contamination since some curing
mechanisms, especially thoseinvolving free- radical addition cures, canalso
beinhibited by such contaminants.

3.7.2 Volatile Organic Emissions

Of increasing concern, are solvents and other volatile organic
compounds (VOC) that are released into the atmosphere during the curing
or drying of coatings. Volatile organics that enter into photochemical
reactions, for example, decompose or form free radicals with uv light and
causeozonedepletionintheupper atmosphere. Regulationsfor minimizing
or prohibiting their use have been enacted by the Environmental Protection
Agency (EPA). Many formulationsinwhich xyleneor tolueneisthe sol vent
are being reformulated to replace these volatile solvents by others having
zeroor low VOC emissions. Theuseof 100% solidsand uv-curing coatings
is also accelerating.

Solvent-based, resin/catalyst or resin/hardener formulations that
are heat cured have been used for many years, but with ever increasing
concerns about organic volatiles and by-product emissions contaminating
theenvironment, new formulationshavinglow V OC content areenteringthe
market. These are either water-based or contain no organic solvents (100%
solids). Volatile organi c-compound-exempt materials are defined asthose
that do not participate in atmospheric photochemical reactions. The VOC
content of an organic coating istheweight of thevolatile emissionsfrom a
sample under specified bake conditions after subtracting the exempt sol-
vents and water present. Bakeout is generally one hour at 110° + 5°C.

3.7.3 Flammability and Toxicity

When xylene, isopropanol, or other flammablesolventsareusedin
spray or dip coating formulations or in cleaning operations, supplier saf ety
instructionsshoul d befollowed. Adequateventil ation should be provided to
avoid high concentrations of solvents and other organic materials. All
containers of solvents should be grounded to avoid the possihility of static
discharge and afire or explosion from occurring. Whenever possible non-
flammabl e sol vents or aqueous sol utions should be used.
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Material Safety Data Sheets (MSDS) must be available for each
organic material or chemical used in a manufacturing area. The MSDS
contai nsinformation onthestorageand handling, toxicity, personnel protec-
tion, first aid, spill and leak procedures, and proceduresfor waste disposal .
Material Safety Data Sheets must be provided by the supplier or manufac-
turer of the chemical and must be maintained and readily available at the
user’s site.

3.7.4 Inspection

Generaly, coatingsusedfor el ectronicapplicationsareapplied 1to
5 milsthick and are either transparent or translucent. Assuch, itisdifficult
to determineif apart hasbeen compl etely coated. For inspection purposes,
small amounts (0.1 to 1%) of uv indicators such as Calcofluor or
aminocoumarinmay beincorporatedintotheformulation. I nspection of the
coated parts under a uv lamp (black lamp) can then assist in determining
areas that were not coated. In some cases, non-destructive thickness
measurements at several locations of the part can be madeto determinethe
uniformity of the coating. Dip coating, for example, tends to bead and be
thicker at the edge that is withdrawn from the bath while spray coating
thicknesses can vary throughout the part. If it is not possible to measure
thickness of the coating on the part, a sample part with a masked-off area
can be coated concurrently with the production parts and thickness mea-
surements made at several locations. The sample card can also be used to
conduct other quality assurance tests such as adhesion, hardness, and
solvent resistance.

Inspection Criteria. Visua defects in conformal coatings may
consist of voids, blisters, fisheyes, orange peel, lifting, flaking, ripples,
discoloration, and embedded contaminants. Some of these defects are
unacceptable becausethey directly affect thefunction and reliability of the
coating (for exampl e, moisturepenetration) or theel ectrical performanceof
the module while other anomalies may be acceptable to varying degrees
depending on their frequency and location. Acceptance criteria are speci-
fied in many military and industry specifications of which IPC-A-610,
“Acceptability of Electronic Assemblies,” Sec. 9.1, is quite thorough,
providingvisual criteriathrough photographicexamples.

Thickness Control. Thicknesses of coatings may range from 0.1
mil (2.5 um), in the case of vapor-deposited parylenes, to over 10 milsfor
some el astomeric silicones. Thethicknessat which acoating is considered
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an encapsulant and no longer acoating is not well defined. One definition
is that an encapsulant completely embeds all the components and gross
features of an assembly whereas coatings simply conform to the topol ogy
of the components. However, with advances in microelectronics, a gray
areaexists. For example, withfine-linefeatures, asinthin-filminterconnect
substratesand integrated circuits, coatingssuchasBCB and polyimide, that
planarizethe surfaces actually encapsul ate the circuit features, yet they are
still considered coatings.

Controlling the thicknessis part science and part art. An operator
trained in spray coating can consistently and repeatedly deposit the same
thickness. The spray pressure, distance of the spray nozzle from the part,
and angle of spray are all part of the art. Robotic spray equipment, once
programmed, can also consistently deposit the same thickness. From a
science standpoint, the viscosity of the coating and maintai ning a constant
viscosity arecritical. Theviscositiesof solvent-based coatings, inparticul ar,
need to be controlled because of evaporation of solvent. Periodic viscosity
measurements must be made and solvent added to adjust for the optimum
viscosity. Viscosity may also increase due to premature polymerization
especially for coatingswhosecuresareinitiated by oxygenor moistureinthe
air. For exampl e, in processing amoisture-cured polyurethane, ablanket of
dry nitrogen over the coating prevents polymerization and prolongsitsuse.

Several methods and apparati may be used to measure thicknesses
and viscosities. These are discussed in Ch. 6 “Test Methods.”

3.7.5 Rework and Repair

Most commercial electronic modules are designed as throw away
items. They are either not coated or are coated with an inexpensive varnish
or molded inplastic. Most arelow-cost, plastic-encapsul ated microcircuits
(PEMs) where rework is not cost-effective nor practical.

Theability torework, however, isvery important for complex high-
density modul es, someof which may bevalued at many thousandsof dollars
or whereschedulesor availability do not permit themto berefabricated. An
example is the two-sided Master Events Controller (MEC) board for the
Space Shuttle (Fig. 3.23). Thisisone of 13 similar boards which, together
with two power supplies, comprise the MEC which receives, verifies, and
executescommandsfrom four computersduring crucial lift-off and staging
sequences. Each PWA contains hundreds of expensive componentsand is
coated with an RTV silicone.
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Figure 3.23. Space shuttle printed wiring board coated with RTV silicone.

Removal and replacement of afaulty device after coating presents
achallengeinbenignly and sel ectively removing the coating, detaching the
component, selectively cleaning the affected area, reassembling the new
component, and recoating. Thermopl astic coatingsthat melt and flow under
a hot solder iron are convenient since the solder iron can be used to melt
through the coating and remove a solder-attached component in one step.
Polyurethane and acrylic coatings, especially, lend themselvesto thistype
of rework. The coating removal method selected will depend on thetype of
coating used and the compatibility of the method with the rest of the
assembly. For exampl e, amethod may beeffectiveinremovingthecoating,
but may also remove markings or damage other portions of the assembly.
The most widely used rework methods are given in Table 3.6.

Removal and replacement of faulty wire-bonded or sol der-attached
components that have been overcoated is easiest if the overcoating is a
polyurethane or an acrylic. A hot solder iron softens and melts most
polyurethanesallowing removal of thecomponent (Fig. 3.24). After clean-
ing the attachment site, a new component can be solder attached, and the
rework arearecoated. Acrylic coatings are also easily removed by dissolv-
ing in solvents such as Freons, toluene, xylene, or ketones. Selected areas
of the coating can be removed by swabbing with the solvent or the entire
coating can be removed in avapor degreaser, provided the chosen solvent
doesn’t attack other portions of the module such as markings or other
plastics.
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Table3.6. Rework and Repair Methods

Method

Comments

Melting or softening with a hot solder
iron

Best for thermoplastics such as
polyurethanes and acrylics

Dissolving with appropriate solvents

Best for some silicones, acrylics, and
soft baked polyimides

Chemical strippers

Useful for silicones and polyurethanes

Softening with hot air or nitrogen gun
and applying aforce such as scraping

Best for thermosetting coatings such as
epoxies and phenolics

Cutting and peeling or lifting

Best for soft silicones

Abrasion

All hard coatings

Plasmaetching using an oxidizing gas

Parylene and polyimides

Laser ablation

Parylene and polyimides

Swelling with solvents and lifting

RTV silicones

Figure 3.24. Rework using a hot solder iron to melt through polyurethane coating.
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Epoxy polyamides can be softened and removed with a hot solder
ironalso, but if heat isapplied too long, decomposition and charring of the
epoxy coating results(Table3.7). Such dark-colored residuesnot only give
apoor appearance, but may affect subsequent solderability. Epoxies cured
withaminesor other catalystsand hardenersbehavesimilarly; many of them
immediately char without going through asoftening stage.

Soft elastomeric silicones can beremoved by cutting through, then
peeling or lifting. When immersed in chlorinated or fluorinated organic
solvents, siliconeswill also swell and canbe moreeasily removed mechani-
cally. Forexample, RTV siliconescanswell 50—-300%involumeinamatter
of 5to 10 minutes when immersed in various Freons. Alcohols also swell
RTV silicones, but to a lesser extent: from 1% in methanol to 20% in
isopropanol. Other harder siliconesmay be dissol ved on prolonged immer-
sionintetramethylguanidine.

One drawback to the use of solventsisthat the coating removal is
difficulttolocalize; usualy theentireassembly must beimmersedwhichthen
presentstherisk of damaging other areas. Also, swelling of the coating can
generate stresses that may induce other failure modes, and the processis
slow requiringimmersion for several days. Some attempts have been made
to localize the solvent by preparing a thixotropic paste of the solvent with
Cab-0O-Sil or colloidal silica. Thixotropiccompositionscontaining over 90%
solvent will not flow under normal conditions, and thusallow the solvent to
remain over aselected area. The processis, however, slow with the added
problem of having to periodically replenish solvent that evaporates.

Paryleneandfully cured epoxiesand polyimidesareamong themost
difficult coatings to remove. Epoxies are generally highly cross-linked
molecules that are resistant to most acids, bases, and organic solvents.
Epoxies also do not melt, but decompose and char as the temperature is
increased. Some epoxies can be softened at temperatures above their T
and, whileinthesoftened state, can begradually removed by applyinglateral
pressure.

Parylene coatings areinsoluble in all known organic solvents and
chemicalsand will not soften or melt except at extremely hightemperatures.
The best methods for removal are by plasma etching, YAG (uv) laser
ablation, or mechanical abrasion. Ultraviolet laser ablation is used to
precisely removesmall areasof parylenecoatingthat aredifficult toremove
by other methods. Polyimidesarea so best removed by plasmaetching, laser
ablation, or scraping.



Table 3.7. Removability Characteristics of Circuit-board Coatings

Coating Type Part A Part B pbw, A:B r(]:rl;ro% ieg?%/oﬁggritﬁ‘griﬁh
Epoxy Polyamide Epon 828 Veﬁﬂg alglgtszhe” 50:50 3/65 b &Sgﬁgscﬁ”egw
Epoxy Amine Epon 1001 Diethylene triamine 60:15 3/65 becsgggsd?negsy
Epoxy Polyamide Epon 1001 Veﬁ?:]ig ;gle?;tszhe“ 100:30 3065 o ecsgﬁgscﬂ”e;
Epoxy Polyamide Epon 828 Ve::mg ;gle%tszhell 50:50 22/81055 b efgﬁgscﬁnegsy
Polyurethane Mobay Modur CB-60 Castor ail - 3/65 Liquifies

*315°C tip, 20-sec dwell.

All coatings were formulated with suitabl e solvents for spray or dip gpplication.
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Polyimides after soft baking, but prior to hard baking, may be
removed using a strong solvent such as N-methyl pyrrolidone (NMP) or
proprietary strippers at el evated temperature. Oncefully cured, polyimide
coatingscannot beremoved by solventsor chemical s. Plasmaetchingusing
ab:1ratioof oxygento carbontetrafluoride appearsto bethemost effective
method for removing cured polyimide.

Once the coating has been removed and a component replaced,
recoatingwiththeoriginal coating may present aproblem, especially infield
repair. Theoriginal coating may have been deposited by special equipment
or processes under controlled conditionswhich may not be availableinthe
field. Hence, acoating, other thantheoriginal, that iseasily processed needs
to be used. The coating must be compatible with the original coating and
providethesameenvironmental protectionand electrical characteristics. A
notable example is the repair of parylene-coated circuit boards where
recoating with parylene would require vapor deposition equipment. Low-
cogt, field-friendly materialsand processeswere eval uated and found to be
reliable. Flexible polyurethanes such as DeSoto-Product Research’s PR-
1592, Vantico's Uralane 5750, or Conathane CE-1155 were found to be
good repair coatings for polyurethanes, epoxies, and acrylics, and, with
primers, aso for parylene. The materials were applied by brushing or
spraying and required only moderate temperatures for curing.[8!
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Applications

Applications for organic polymer coatings have grown over the
years, paralleling advances madein microel ectronics. From thetraditional
conformal coatingsused to protect printed wiring boardsand insulatewire,
coatings are now used as high-performance dielectrics as an integral step
in the processing of semiconductor chips, multichip modul e interconnect
substrates, flip-chip devices, and ball-grid-array packages. Polymer coat-
ings, especially the polyimides and benzocyclobutenes (BCB), now play a
major rolein the electronic functioning of assemblies such as RF, micro-
wave, and high-speed circuits. Inaddition, with theincreased use of sensors
inautomobilesand inimplanted medical devices, coatingshave hadto play
a new role in meeting diverse requirements. Examples are protecting
electronic circuitsin the hot and dirty near-engine environment of automo-
biles and from the biofluids of the human body. It is also anticipated that
dielectriccoatingswill bespecifically engineeredfor emerging optoel ectric
and MEM S (Micro-electromechanical systems) applications.

Besides the permanent protective coatings and dielectrics, this
chapter addresses coatingsthat aretemporary, yet essential, in the process-
ing of microelectronic circuits. Among these temporary or sacrificial
coatingsarethe photoresi stsand maskantsused during etching, plating, and
soldering operations.

279
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4.1 CONFORMAL COATINGS FOR PRINTED
WIRING ASSEMBLIES (PWA)

Organic polymer coatings have been used for over forty years as
moisture protectiveconformal coatingsfor printed circuit boards(PCB) and
for printed wiring assemblies (PWA) used in high-reliability military and
space applications and, to alesser extent, in commercial electronic hard-
ware.[M? The main functions of organic conformal coatings for PWAS
include:

* Preventing leakage currents and catastrophic electrical
failures due to moisture and contaminants.

* Preventing corrosion of solder, copper, and other metal
surfaces.

» Preventing or reducing tin whisker growth, metal migra-
tion, and conductiveanodic filament (CAF) formation.[®!

» Reducing or preventing arcing and coronadischarge.

» Providing mechanical support and improving thefatigue
life of solder joints and components during mechanical
shock or vibration.

Coatingsbelongingtothegeneric familiesof acrylics, silicones, p-
polyxylylenes, epoxies, and polyurethanes are specified in, and some have
been qualified to, MIL-1-46058C or IPC-CC-830A. In most PWAS, the
devices are already packaged in hermetically sealed or epoxy-molded
packages, then solder attached to the board. In such cases, the purposes of
theconformal coating areto prevent moisture, salts, and other contaminants
from corroding theexposed solder jointsand conductor tracesand to reduce
the amount of moisture that may be absorbed by the board material itself
whichresultsin degradation of electrical insulating properties. The coating
must be of high purity and of a molecular structure that its insulation
resistance will be high and will not significantly degrade under humidity-
temperature exposures. The ten-day humidity-temperature cycling test
specifiedinMIL-1-46058C or MIL-STD-202iswidely usedto compareand
qualify coatingsfor printed wiring boards (Fig. 4.1).
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Figure 4.1. One-day graph of ten-day humidity-temperature cycling per MIL-STD-202, Method 106.
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Generaly, the insulation resistance of the coating drops on initial
exposure to moisture during the first day, then levels off. High-purity
coatings such asfluorocarbons, silicones, and parylenes have shown better
insulation propertiesunder humid conditionsthan someepoxy coatings(Fig.
4.2). Decreasesin insulation resi stance as much as nine decades have been
reported for uncoated laminates, but with asuitable protective coating, the
decrease may be only one to three decades under the same conditiong”l
(Table 4.1). Coatings afford similar protection to epoxy-glass laminates
under even more severe stressesof combined temperature, humidity, and
applied voltage!® (Table 4.2).

The sharp and rapid decrease in insulation resistance of most
polymer coatingsoccursduring thefirst humidity cyclewith somerecovery
occurring in subsequent cycles. It has been postul ated that coatings absorb
water quickly during thefirst cycleand, accel erated by the applied voltage,
partial hydrolysis of the coating constituents occurs. Thisthen resultsin a
breakdown of the coating in the region of the hot conductorsand causesthe
insulation resistance to drop. However, because of differences in their
moistureabsorption and permeability propertiesandintheir inherent purity,
not all coatings undergo asharpinitial drop. Figure 4.3 showsasignificant
difference between a coating qualified to a military specification and a
commercial-gradecoating.[*!

Besides the beneficial effects on insulation resistance, conformal
coatings reduce or prevent arcing and coronadischarge in closely-spaced
conductorsthat are exposed to high voltages. Conformal coatingsallow the
designengineer greater freedomin designing closer conductor linespacings
at higher voltagecapabilities. Theincreased el ectrical insul ation aff orded by
an epoxy coating on a G-10 laminate board with 62-mil conductor spacing
was reported by McGuiness!® In this report, flashover voltage for the
coated board was 5,000 volts compared with 1,600 volts for the uncoated
board. The effectiveness of the coatings in allowing closer spacings for
various voltages is shown in Table 4.3. In more recent high-density
multilayer PCBs, where bare-chip devicesare used, for example, Chip-on-
Board (COB), improved barrier properties and compatibility with devices
arerequired.!®l

The conformal coating of high-voltage power supplies and dc-dc
convertersisessential in preventing dielectric breakdown and arc over. It
iscritical that any high-voltage circuit bethoroughly clean and dry prior to
conformal coating. With the trend towards using water-based fluxes and
water cleaning, thereisan increased risk of water absorption and retention
within the board, hence vacuum baking or other means of drying becomes
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necessary. A dc-dc converter printed wiring assembly coated with a
polyurethaneisshowninFig. 4.4.
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Figure 4.2. Effect of humidity and temperature cycling on the insulation resis-
tance of some polymer coatings.
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Table 4.1. Humidity Effects on Insulation Resistance of Circuit Boards!*!

Coating Materials for Electronic Applications

sample Insulation Resistance, ohms
Initial After Cycle5 | After Cycle 10
A
Uncoated 1.5x 10%? 3x107 5x10*
Coated 1x10% 3x10° 2 x 10°
B
Uncoated 3x10" 5x 107 5 x 10°
Coated 3.1x 10" 5x 10™ 4 x 10"
C
Uncoated 3x 10" 5.5x 10’ 1.5x 10°
Coated 3 x10% 3x 104" 4.1x 10%

Conformal coatingscan beformulated using many different chem-
istries and are normally applied by spraying, dipping, brushing, or flow
coating. Cured thicknessesrangefrom approximately 1to3milsforthe AR,
ER, and UR types, 2to 8 milsfor the SR types, and 0.5to 2 milsfor the XY
types. The cured coatings are chosen based on their dielectric properties
suchasdiel ectric constant, dissi pationfactor, insulationresistance, dielectric
breakdown voltage, and the stability of these parameters under elevated
temperature, humidity, and high-frequency conditions. Early formulations
that were based on solvent carriers and long cure times are being replaced
with non-solvent containing (100% solids) compositionsand formulations
that cure in minutes instead of hours. Using non-solvent formulations is
important in avoiding the entrapment of solventsin the coating which can
cause voidsand loss of adhesion. Organic solvents also need to be avoided
to meet recent state and federal regulations relating to the discharge of
organic oxygen-depl eting solvents (ODS) into the atmaosphere. Traditional
highly volatile organic solvents are being replaced by solvents having low
VOC (Volatile Organic Compounds) emissions.



Table 4.2. Effects of Humidity, Temperature, and Voltage Stressing on the Insulation Resistance of Coatings*®!

) ) Initial Insulation Resistance after Exposure, ohms
Coating Chemical Type :
Reading 1 Day 3 Days 8 Days 10 Days

Control Jnooated epoxy 10'8 10°-10° | 10°-10° 10° - 10° 10°— 10°

Fluorocarbon 14 9 8 8 9
3M EC-1981 block copolymer >10 2x10 5x10 5x 10 1x10
3V L4505 | Huorocabon >10™ 1x10% 5x 107 1x10° 1x10°

block copolymer

Fluorocarbon 14 10 8 9 9
3M L-4466 block copolymer >10 2x10 5x10 1x10 2x10
Dow Corning - 14 10 9 9 9
DC-X9-6326 Silicone >10 6 x 10 2x10 4x10 5x 10
HumiSedl Actylic >10% 2 x 10% 8 x 107 8 x 10° 8 x 10°
1B31
*Coating applied to “Y” conductor pattern on GF epoxy laminate and tested according to MIL -1-46058C.
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Figure 4.3. Insulation resistance of coated and uncoated circuit boards in
humidity cycling according to MIL-1-46058.14



Table 4.3. Minimum Spacings for Uncoated vs Coated Conductors and Parts

Spacing (mm)
Voltage between
Conductors
(dc or ac peaks) Uncoated, Bare Board" Polymer Coanled, Bare Uncoated, Assembly? Polymer Coated
Board Assembly?
0-15 0.1 0.05 0.13 0.13
16-30 0.1 0.05 0.25 0.13
31-50 0.6 0.13 04 0.13
51-100 15 0.13 0.5 0.13
101-150 32 0.4 0.8 0.4
151-170 3.2 0.4 0.8 0.4
171-250 6.4 0.4 0.8 0.4
251-300 12.5 0.4 0.8 0.8
301-500 125 0.8 15 0.8

*External conductors (sealevel to 3050 m).
ZExternal component |lead/termination (any elevation).
(Data abstracted from |PC-2221.)
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Figure 4.4. High-voltage dc-dc converter coated with polyurethane. (Courtesy
Babcock Electronics.)

4.1.1 Conformal Coating Performance

The performance and long-term reliability of conformal coated
PWASs depend not only on the type of coating selected and its curing
conditions, but also on the nature of the surfacesto which it is applied and
the cleanliness and dryness of those surfaces. Circuit boards consisting of
epoxy-glass and polyimide-glass laminates can absorb large amounts of
moisture especially during agueous cleaning. Flux residues are generally
hygroscopic and augment the absorption and retention of moisture. If not
cleaned and dried well, a subsequently applied conformal coating such as
polyurethane will blister and |ose adhesion. Adhesion of coatingsto gold-
plated surfacesor to Teflon-insulated wireispoor and, unlessthesesurfaces
areprimed, physically roughened, or chemically etched, thecoating will peel
off.
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4.1.2 Specifications for Conformal Coatings

MIL-1-46058C, Insulating Compound, Electrical (For Coating
Printed Circuit Assemblies) and IPC-CC-830A, Qualification and Per-
formance of Electrical Insulating Compound for Printed Board Assem-
blies describe five polymer types that are widely used as printed wiring
board conformal coatings. These types and their designations are:

Type AR Acrylicresin
Type ER Epoxy resin

Type SR Siliconeresin
Type UR Polyurethaneresin
Type XY Paraxylylene

There are also coatings that combine two of these types such as ARUR, a
combination of acrylic and polyurethaneresins.

IPC-CC-830A is an industry specification closely paralleling the
military specification. It has become the dominant specification since
MIL-1-46058 has been canceled for new designs. Other applicable speci-
fications are MIL-P-55110E, Printed Wiring Assemblies and UL746C,
Polymeric Materials-Use in Electrical Equipment Evaluations, which
specifies Underwriters Laboratories’ tests for flammability. Coatings for
military and high-reliability applications should meet the requirements of
thesespecifications. Inaddition, for spaceapplications, further requirements
aresuperimposed, such asoutgassinginathermal -vacuum environment and
vulnerability to radiation and atomic oxygen. A listing of organic coatings
along with other polymeric materials that have been tested for outgassing
and their resultsare givenin NASA Reference Publication 1124, Revision
4, June 1997. Other requirements for space vehicles are given in MIL-
HDBK-1547A, July 1998, Electronic Parts, Materials, and Processes
for Space and Launch Vehicles.

Many excellent conformal coatings are on the market, some of
which have been qualified to military and space specifications. Some
commercially availablecoatingswith abrief descriptionof eacharelistedin
Table4.4.
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Table 4.4, Typical Conformal Coatings for Printed Wiring Assemblies

Tradename Manufacturer Cr_lremlcal Characteristics
ype
A / Two-part soft repairable
Uralane 5750 A/B . coating. Qual to MIL-I-
Urdene LV Vantico Polyurethane 46058: meets NASA
outgassing
. Low curing temps. from
Sc_)llthane 113 cured Uniroyal Polyurethane RT to 149°C. Meets
with C113-300 .
NASA outgassing
Two-part, solvent based
3 Cytec coating, qua to MIL-I
Conathane CE-1155 Industries Polyurethane 46058: meets NASA
outgassing
Two-part, solvent based,
Conathane CC-1195 Cyte(_: Polyurethane cureat room or el_evated
Industries temperature, continuous
use to 130°C.
. Cytec One-part, water based;
Conathane CE-1175 Industries Polyurethane meets MIL-1-46058
One-part solvent based,
Conathane CE-1164 Q/te(_: Polyurethane ar dry, room RT
Industries mositure cure; meets
MIL-1-46058
Solithane 113 Thiokol Polyurethane MeetsNASA
outgassing requirements
One-part, air/oxygen
HumiSeal 1A33 H(fjrr]na?eSe(;logzv Polyurethane cure; Qud to MIL-I-
' 46058 and |PC-CC-830
One-part, moisture cure,
resistant to solvents and
HumiSeal 1A20 Cha_se Corp., Polyurethane chemicals, contains
HumiSeal Div.
fluorescent tracer, qual to
MIL-1-46058
Two-part, solvent based,
high solids, low viscosity
. Chase Corp., for easy application,
HumiSeal 2A64 HumiSeal Div. Polyurethane contains fluorescent
tracer, meets MIL-I-
46058
. Chase Corp., .
HumiSeal 1B12 HurmiSeal Div. Acrylic One-part, RT cure

(cont'd.)
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Table 4.4. (cont'd.)

201

Tradename Manufacturer ChTemlcaI Characteristics
ype
One-part, fast air
. Chase Corp., . drying, contains
HumiSedl 1873 HumiSeal Div. Acrylic fluorescent tracer, meets
MIL-I -46058
. Chase Corp., . Same as 1B73 but with
HumiSeal 18731 SE HumiSeal Div. Acrylic legal solvent emissions
One-part, repairable,
. Chase Corp., . flexible, fluoresces
HumiSeal 1831 HumiSedl Div. | AYC | nder uv light, qual to
MIL-1-46058
Cytec One-part, solvent based,
Conap CE-1170 Industries Acrylic RT cure, meets MIL-I1-
46058, repairable
. Cytec . One-part solvent-based,
Conap CC-1191 Industries Acrylic fast drying, repairable
One-part, 2% in
hydrofluoroether
Novec EGC-1700 3M Spegalty Fluoro- solvent, no VOCs, low
Materias acrylate surface energy repels
water, thermal stability
to 175°C
One part, clear
ECC4865 Gener_al Silicone solventless, low
Electric . ;
viscosity, thermal cure
100% solids, room
. Chase Corp., - temp. cure, continuous
HumiSeal 1C49 HumiSed Div. | Slicone use temp. to 200° C,
meets MIL-1-46058
100% solids, heat cure,
. Chase Corp., - continuous use temp. to
HumiSeal 1C51 HumiSeal Div. | >'cone 200° C, meets MIL-I-
46058
100% solids, low VOC
DC-1900 Series emissions, one-part,
Dow Corning Silicone moisture/condensation
(3-1953, 3-1969) cure & RT or elevated
temp.
) . - Two-part, 100% solids,
Sylgard 1-4128 Dow Corning Silicone addition cure with heat
) . One-part, 100% solids,
Sylgard 1-4105 Dow Corning Silicone thermal cure

(cont'd.)
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Table 4.4. (cont'd.)
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Tradename Manufacturer Chemical Characteristics
Type
0,
DC-3140 Dow Corning Silicone One-part R.TV’ 100%
solids
One-part, solvent-
. - based, RT cureor rapid
DC-1-2577 Dow Corning Silicone heat curewith catalyst,
meets MIL -1-46058
One-part moisture cure
RTV silicone dispersion
NuSil R-1075 NUS| Silicone | conformal coating for
printed circuit boards,
60% solidsin
trichloroethane
100% solids conformal
Wacker - coating for rigid and
SWSRSV $10 Silicones Sllicone flexible printed circuit
boards
Semiconductor white
Semicosil® 992 JC Wacker eg)r:(?dpeacr:tlyjre junction coating, heat
Icost Silicones perox curing, high viscosity,
silicone .
low ion content
L ® Wacker Addition cure Low viscosity, low
Elastosil™ RT 745 Silicones slicone | inhibition, self adhesive
- Transparent, long pot
Semicosil® 935 s\:\{l?;%ieé Adg'lti'g‘ng”re life (1 week), low
hardness
One-part
. Wacker ; Sprayable solvent-free,
Semicosil® 964 o moisture cure . . '
Silicones slicone fast curing, bluish color
. . . One-part Solvent-based,
Dispersion Coating Wacker moisture cure yellowish, medium
T84 Silicones . .
silicone hardness, fast curing
One-part, Heat curing, trans-
MP 15L Wacker resin solution, parent, high abrasion
Silicones condensation resistance, good
cure slicone mechanical properties
Clear, RT cure 12 hrs;
One-part xylene thinner,
Silicoat Transcene moisture cure k=265 @ 100 Hz;
silicone DF =0.0037 @ 100 Hz;

BV =500 V/mil
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4.1.3 Qualification of Conformal Coatings

Although many coatingshavebeenqualifiedtoMIL-1-46058C, the
current standard for qualification is IPC-CC-830A which follows MIL-I-
46058C very closely, but uses many of the test methods of |PC-TM-650.
Basically, qualification is performed using atest coupon: the |PC-B-25A
Multipurpose Test Board that consists of several comb patterns whereby
insul ation resi stance measurements can be made beforeand after subjecting
the coated board to humidity/temperature cycling and other physical and
electrical tests. These tests include: fungus resistance, shelf life, fluores-
cence, appearance, thickness, flammability, dielectricwithstanding voltage,
moisture and insulation resistance, thermal shock, temperature/humidity
cycling, and hydrolyticstability. Theconditionsfor thehumidity/temperature
cycling test are slightly different from those specifiedin MIL-1-46058C or
MIL-STD-202. Two test conditions are described: Class T in which the
coated test board is aged at 65°C + 2°C and 90% + 3% RH for 24 hours
without bias and Class H in which the coated board is cycled from 25° to
65°C + 2°C and 90% -5/+3% RH with 50 Vdc applied for atotal of 160
hours. Insulation resi stance measurementsare made at 100 Vdc. Insulation
resistance must be 1 x 108 ohms minimum for most electronic applications
and 5 x 108 ohmsfor the high-end applications.

The | PC-B-25A test board isalso used for thefungustest and other
gualificationtests. A simpler Y pattern test board is more practical for use
inproductionfor in-processcontrol.

Qualification of PWB conformal coatings for space, automotive,
and other specific applicationswill require meeting additional application-
specifictestssuch asoutgassing and radiationresi stancefor spaceand high-
temperature resistance for automotive.

4.2 COATINGS FOR SEMICONDUCTOR
SINGLE CHIP AND MULTICHIP
MODULES

Theuseof high-performance polymer coatingsin the semiconduc-
tor industry has grown considerably during the past decade. High-purity,
temperature-stabl e polyimidesand benzocyclobutenesarenow widely used
to complement and even replace the standard glassivation and passivation
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layersof semiconductor device surfaces. Further, high-purity siliconesand
polyimidesareeffectiveinreieving stresseson semiconductor junctionsand
multi chip assembled devicesparticularly whenfollowed by plasti c encapsu-
lation. Finally, photoimageable polyimides and BCB coatings have been
developed and are being widely used to redistribute bonding pads on
semiconductor devicesin preparation for solder bumping.

4.2.1 Environmental Protection and Passivation

Inmany cases, theuseof thin-film coatingsto protect singlechipand
multichip modul esfrom moi stureand other harsh environmentspresentsan
opportunity toreducetheweight, volume, and cost of el ectronic modul esby
over fifty percent. Infact, most of thewei ght and volumereductionachieved
by converting PWBsto MCMs can easily be lost by hermetically sealing
them in large bulky ceramic or metal packages.

Extending the application of polymer coatingsto protect bare chip
devices, asinhybrid microcircuitsor multichip modul espresentsachallenge
because the chips are not prepackaged. Organic coatings and encapsul ants
must be compatible with exposed thin-film conductor traces, marginal
passivations, and finewire bondsor flip-chip interconnections.

Early passivation materials consisted of glasses or silicon oxides
that contained imperfections such as pinholes and microcracks. This,
together with polymer overcoatingsthat containedlargeamountsof ionsand
that absorbed and permeated large amounts of moisture, resulted in many
failuresin thefirst generation of packaged devices and gave plasticsabad
reputation. With advances that have been made in the purity and physical
properties of polymer coatings and encapsulants during the past twenty
years together with improvements in device passivation materials and
processes, almost all devicestoday are plastic encapsulated microcircuits
(PEMs) and provide sufficient reliability for commercial and industrial
applications.

Nevertheless, concerns still exist in using plastic encapsul ated or
polymer coated devicesin high reliability military and space applications.
Eventhoughthesemiconductor diesurfacemay bewell passivated, exposed
aluminum metallization at thewirebond pads, thewireitself, and solder, if
used to attach flip-chip devices, are still susceptible to corrosion and
stresses. Processes to render the devices hermetic and long-term storage
studies are being addressed by the Army through several contracts.[9[10
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Many semiconductor devicesthat are subsequently plastic molded
arecoated withapolyimideasabuffer todissipatestresses, but theadhesion
of the polyimide to the device and to the molding compound is critical to
reliability in subsequent humidity exposure or solder reflow temperatures.
Marginal adhesion has been demonstrated by delamination at those inter-
faces and by popcorning due to the absorption and sudden release of
moisture.[*3

Theinterface between the polyimide and the device appearsto be
morevul nerabl ethan that between the polyimi deand themol ding compound.
Thedurability of thisinterface canbe measured by subjectingtest specimens
to the pressure cooker test (PCT) in which they are exposed to 120°C at
100% RH under 2 atm of pressure. The elongation at break, Tg, and tape
pull adhesion can then be measured as a function of time. Silicon wafers
having asilicon nitride passivation were coated with approximately 15 um
of a Durimide” polyimide and cured at 350°C for one hour. All samples
passedthetapepull adhesiontest after 250, 500, and 1,000 hoursof PCT with
no loss of adhesion. However, when measuring percent elongation, a
polyimide cured for one hour at 350°C failed after 200 hoursof PCT, while
samples cured at 350°C for 2 hours or 400°C for 30 minutes, although
experiencing considerableembrittlement, werestill viableafter 1,000 hours
PCT (Fig. 4.5).

40

Elongation (%}
LT PR

e

AT [ VR 1

TO T200 T500
Hours of Test
| Cure: 350°C/1 hour  Cure: 350°C/2 hours  Cure: 400°C/0.5 hourl

0 = too brittle to test

Figure 4.5. Effect of PCT conditions on the mechanical properties of Durimide*
7000 polyimide film. (Courtesy Arch Chemicals, Inc.)

*Durimide® is a registered tradename of Arch Chemicals, Inc.
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4.2.2 Reconfiguration and Redistribution of Die Bonding
Pads

Dielectric coatings may be used to form an additional layer of
electrical interconnections beyond those already formed during wafer
fabrication. Processes have been developed to alter the bonding pad
topography both at the die (wafer) level and at the substrate level using
polymer dielectrics. For example, a bonding pad can be reconfigured,
changingitssize and shape, by spin coating aphotocurable BCB layer over
the entire surface, exposing to uv through amask having the image of the
desired geometry, and developing it (Fig. 4.6). Dielectrics such asBCB or
polyimidesmay al so be usedtoredistribute peripheral bonding padsonadie
toformanareaarray of padsto permit solder bumpingfor flip-chip bonding
or ball grid array packages (Fig. 4.7). Likewise, internal padson adie can
beredistributed to onesideto permit wirebonding of vertically stacked dice.
In these processes, adielectric coating is spun or otherwise deposited onto
the single chips, or preferably onto the dice at the wafer stage, vias are
formed over the original pads, the entire surface is then metallized, and
finally, throughaphotoresi st and etching process, conductor linesareformed
that route and rearrange the pads to new positions on the die (Fig. 4.8).
Photoimageabl e dielectric coatings are desirable because fewer steps are
involved comparedto using photoresists, butimageresol ution, uv exposure,
and focus must all be taken into account for best results.[*? Dielectric
coatings must have a high degree of planarization, have good electrical
properties, be able to withstand temperatures as high as 250°C that may be
used in solder attach and solder reflow processes, and have low moisture
absorption. Polyimideshaveal ong history of use, but theBCB Cyclotenes
have several properties such aslower dielectric constants, lower moisture
absorptions, and ahigh degreeof planarizationthat givesthem an advantage
over polyimides for the new generation of high-speed, high-frequency
devices.

Photoi mageabl e polyimidesand BCB resins produce excellent via
and line definitionswhen used as plating resistsin the fabrication of solder
bumps or gold bumps on semiconductor wafersfor flip chip devices. Both
dielectrics are being used as stress buffer coatings and as interlayer
dielectrics. Figure 4.9 showsthe definition achieved from an 8.8-um- thick
filmof Durimide 7510 after hard bake. Duringthecuring process, goingfrom

*Cyclotene® is a registered tradename of Dow Chemical Co.
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a soft bake to a hard bake, a weight loss occurs that is reflected in afilm
thickness reduction of 40-50%, yet pattern definition is not significantly
affected by this. A final bake temperature of 350°C for 30 minutes is
considered aminimumfor most polyimideswhether they are photocured or
not. However, temperatures as high as 400°C for 1 hour may be required
for some applications to assure complete imidization and removal of the
water formed duringimidization.

SOLDER BUMP

PHOTOPOLYMER
DIELECTRIC LAYER

DIELECTRIC

SUBSTRATE

BOND PAD

Figure 4.6. Reconfiguring of bonding pad for solder bumping.

SOLDER BUMP,

\

PHOTOPOLYMER
DIELECTRIC LAYER
DIELECTRIC
INTERCONNECT
\ / SUBSTRATE

BOND PAD

Figure. 4.7. Redistribution of bond pads for solder bumping.
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Figure 4.8. Process steps in redistributing the bond pads.

4.2.3 Semiconductor Junction Coatings and Stress
Buffers

Organic coatingsareused directly on semiconductor surfacesprior
to plastic molding or glob-top encapsulation to stabilize semiconductor
junctionsand dissipatestresses. High-purity silicones, polyimides, andBCBs
are used because of their wide operating temperatures (-65° to 275°C for
silicones), high breakdownvoltages(500t01,000V/mil), electrical stabilities
minimizing leakage currents and surface effects, and compatibility with
epoxy molding or encapsul ation.
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Figure 4.9. Broadband exposure of photoimageable polyimide, Durimide 7510.
(Courtesy Arch Chemicals, Inc.)
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Epoxy molding compounds or encapsul antsmay impart stresses of
several thousand pounds per square inch, especially if they are rigid.
Stresses may be reduced by fifty percent or more by using flexiblemolding
resins, appropriate fillers, or by applying a stress-relief coating prior to
encapsulation. Siliconeand polyimidecoatingsareespecially suitedfor this
function becauseof their highthermal stabilitiesand compatibility with both
the active devices and the encapsulant. Polyimides can be applied at the
wafer stage not only as buffer coatings, but also to facilitate processing of
the chips. Buffer coats provide protection to the finished die during
backgrinding, singulation, and assembly resultinginimprovedyields. Buffer
coatings can be applied by spin coating, then photodelineated, and curedin
amanner similar to other semiconductor fabrication batch processes. They
may also be applied by automated sel ective dispensing. Polyimide stress
buffers have been successfully applied at the wafer stage in fabricating
memory chips, logic chips, and ASIC devices.[*31[24]

High-purity soft silicones and silicone gels have a so been used to
relieve stresses induced by subsequent transfer molding or encapsulating
with epoxies. Silicones are also effective in protecting el ectronic compo-
nentsfrom vibration and shock. Stress-relief coatings must beflexible and
possess alow modulusof elasticity. Silicones meet these requirementsand
have found many applications in component packaging. For example,
transistors and |Cs may be coated with 10 to 20 mils of a silicone, then
encapsulated, glob topped, or transfer molded with an epoxy or another
silicone. Thestress-relief coatingsappliedto semiconductor devicesshould
belocalized so that they cover only the active surface, metallization, and a
portion of theinternal leads. The coating should not be allowed to spread to
the edges of the device or onto theleadswhere it might affect the adhesion
and moisturepermeability of thesubsequently applied mol ding compound or
the solderability of the leads. Because of these restrictions, a practical
methodistodispensethecoatinginsmall dropsfromamicrosyringethat can
be either manual or automated. The |location of the barrier coating relative
to the encapsulant is shown in Fig. 4.10 for awidely used dual-in-line IC
package.

The effectiveness of flexible dip coatings to relieve stresses is
showninFig. 4.11 where strain gages coated with silicone, then pottedina
polyamide-cured epoxy, were measured and compared with thosepottedin
theepoxy only.[251(26]

Inother studies, stressesof 5,000 psi at -40°Cinitially measuredfor
components embedded in asilica-filled epoxy were greatly reduced when
the componentswere precoated with an RTV silicone coating. At -40°C, a
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1-mil-thick silicone coating reduced the stressto 3,500 psi while an 8-mil-
thick silicone further reduced the stressto |ess than 400 psi.[171118]

Oxide
Thermocompression passivated
bonded leads circuit chip

lnner: silicone seal Solid molded
provides double
moisture barrier
and improves
thermal shock
resistance
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’ Pins of gold-plated,
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Pin t: d fi
Positive indexing notch in tapered Tor automatic stand-off

for automatic insertion self-guiding insertion

Figure 4.10. Plastic-molded integrated circuit showing position of the silicone
barrier coating.

4.3 COATINGS FOR DISCRETE PASSIVE
DEVICES

Coatings are applied as the final step in the fabrication of resistor
and capacitor chipsto protect them from handling, humidity, temperature,
and long-term storage. Overcoatings also protect the devices from chemi-
calsused at the assembly level such asflux, solder, and cleaning solutions.
Additionally, coatings provide a medium for marking and identifying the
component. Widely used coatingsincludeepoxies, phenolics, polyurethanes,
silicones, andacrylics.

Specially formulated silicones are used to protect power resistors
and other discrete devices from high temperature operation or exposures.
Silicone formulations that incorporate aluminum silicates are reported to
providethermal resistance up to 350°C. They may also beformulated with
athixotropic additive to allow a single coating application by dipping. In
addition to their thermal performance, these coatings preserve al the
desirabledielectric propertiesof silicones.!19
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Figure 4.11. Effect of flexible silicone precoat on stress from polyamide-cured
€poxy.
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Coatings are applied by dip, spray, vacuum impregnation, and
fluidized-bed methods. The fluidized-bed process has been used success-
fully in coating and sealing wire-wound resistors, thin-filmresistors, thick-
film resistors, and capacitors. However, the fluidized-bed process has not
been found reliablein coating bare chip transistorsand | C devices because
of the high-temperatures required to fuse and adhere the particles and
becauseof limitationsonthetypesof coatingsthat can beapplied by fluidized
bed. Many thermoplastic powders that are ideal from a processing stand-
point lack the el ectrical and thermal propertiesrequired for microel ectronic
devices.

Cails, transformers, and irregul ar-shaped components can effec-
tively becoated by vacuumimpregnation using alow-to-moderateviscosity,
100% solids coating. Epoxiesand silicones are widely used. The partsand
the coating should be evacuated separately toremoveair and moisturefrom
all surfaces and interstices, then, while still under vacuum, the parts are
immersed in the coating, withdrawn, and cured.

4.4 MULTILAYER CIRCUIT BOARD
FABRICATION

Epoxy coatings may beused in lieu of prepreg in the fabrication of
multilayer PCBs. Coatingsformulated with suitablethixotropicand wetting
agents may be squeegeed through ascreen so that interconnect viasareleft
open. Severa layers can be superimposed, each being partially or com-
pletely cured before the next layer isapplied, thus reducing the probability
of pinholes and increasing the coating to a desired thickness. Thicknesses
of afraction of amil to greater than 6 mils may be attained, depending on
the screen mesh size, the viscosity of the coating, and the number of
applications. Oncethedesired thicknessisobtai ned and the epoxy hasbeen
cured, theepoxy surfaceisthen sensitized, plated, and photoetched toform
the conductor traces and to interconnect the vias. Pattern plating may also
be used as an alternate process to form the conductor lines. The process
is repeated for each layer. A four-conductor-layer multilayer board pre-
pared by this processis shown inFig. 4.12.
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Figure 4.12. Four-layer multilayer circuit board prepared by screen-printing an
epoxy coating.

Finer lines, spacings, and viashavebeen madeusing aphotoimageable
€poXy Or epoxy-acrylate coating that can be screen printed or curtain coated
over theentiresurface of aplastic PCB , exposedto uv light, devel oped, and
cured. Theepoxy surfaceisthen sensitized, plated with electrol ess copper,
and the copper conductor lines photodelineated. Additional layers are
producedinthesamemanner, resultinginanM CM-L typemultichipmodule
substratethat islower in cost thanitspolyimideM CM-D counterpart. Work
performed at Hughes Microel ectronics Divisionin the early 1990s demon-
strated 21-pm-diameter vias and 25-pm-wide conductor lines using
Imagecure®, aphotosensitive epoxy dielectric produced by Coates Circuit
Products. The PWB-type processes employed are more commercially
availableand | essexpensivethan the semiconductor processesof sputtering
thin-film metals and spin coating dielectrics required for MCM-D mod-
ules.2)
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4.5 INTERLAYER DIELECTRIC COATINGS FOR
MULTICHIP MODULE SUBSTRATES

Arelatively new applicationfor polymer coatingsisasaninterlayer
dielectricinthefabrication of high-density, multilayer substratestointercon-
nect chipsin multichip modules. The M CM-D types(Deposited Diel ectric)
providethehighest density and finest dimensions. They arefabricated using
sequential thin-film deposition and photolithographic etching processes
similar to those used in semiconductor fabrication. Polymer films used as
interlayersmust havelow diel ectric constants (4 or less) to beused for high-
speed digital and analog circuits. Thesecircuitsare generally referredto as
HDMI (high-density multichipinterconnect) or HDI (high-density intercon-
nect). A widely used processinvolves sequentially forming the multilayer
structure on silicon, alumina, or aluminum nitride wafers. A polyimide
precursor resin coating is first spun onto the wafer, then cured in steps up
to 425°C. Vias are then plasma etched using a photoresist as a sacrificial
mask or using aphotopatterned metal or spun-on-glass (SOG) mask. After
removal of themask, thin-filmmetal, typically aluminum, gold, or copper, is
sputtered or vapor deposited over theentiresurface, simultaneously coating
the surface and thewallsof thevias. The metal isthen patterned to formthe
conductor traces by another photolithography step. These processes are
repeated by spin coating another layer of polyimide, curing, etchingvias, and
metallizing until thedesired number of signal, ground, power, and diebonding
planes are produced (Fig. 4.13).1?4 Figure 4.14 shows an MCM-D micro-
processor inwhich the 1.8 x 3.8 inch interconnect substrate was fabricated
using polyimideastheinterlayer dielectric. Other variationsof thisprocess
existincluding using polymer filmsother than polyimideand formingviasby
avariety of methods (see Sec. 4.5.1). This process is the common one for
fabricating interconnect substrates for the MCM-D version of multichip
modules. The interconnect substrate is fabricated first and the chips are
assembled last, thus referred to as the chips-last process.

A second rather unigue processwas devel oped by General Electric
in which the chips are laid down first in a closely packed array and the
interconnect layersareformed over the chips, eliminating the need for wire
bondsor flip-chip bonds.[?2-24 Thisprocessisal soreferred to asthe chips-
first, overlay, or HDI process. A Kapton® (polyimide) film is laminated
over thechips. Vias, coinciding with the /O padsof thedice, areformed by
programmed | aser ablation of the polyimide. The polyimide surfaceisthen
metallized by sputtering titanium or chromium as a barrier and adhesion
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layer, and followed by copper. Finally, conductor traces are formed using
photoresist and a laser scanning process to harden the photoresist. To
produce subsequent conductor layers, aliquid polyimideis spin-coated or
sprayed and cured, and the processes for viaformation, metallization, and
etching are repeated (Fig. 4.15). Typical reported dimensions are 25-pum-
diameter vias, 25-umlinewidthsand 50-pm spacings.

Plated Au

10-microns thick
polyimide
dielectric
5-microms thick

-Pad Via4
-Signal2_ Via3
- Signal 1 |—Via2
- Power I Vial

aluminum
conductors -Ground
-Substrate
6” Diameter alumina - Special low CTE polyimide
2" x 4” Substrates - Plasma etched vias
5-Conductor layers - Aluminum inner layers

Ti-W/Ni-Au top layer

Figure 4.13. Cross-section of MCM-D interconnect substrate (chips last) show-
ing polyimide interlayer dielectric.

Figure 4.14. MCM-D microprocessor fabricated using polyimide interlayers.
(Courtesy of Hughes Microelectronics.)
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Figure 4.15. Cross-section of a chips first HDI assembly using polyimide
dielectric.

A variationof thechip-first processinvolvesattaching silicon chips
that have been thinned down to 2 mils onto a substrate, coating and
completely encapsulating the chip and substrate with a photoimageable
epoxy, exposing it to uv light through amask, and developing to formvias
directly over thechipbonding pads. After curing, theepoxy issensitized and
electroless plated with copper. In lieu of the liquid epoxy, a metallized
dielectricfilmmay belaminated ontothechip surface, viaslaser drilled, and
electrical connections made by electroplating copper® (Fig. 4.16). The
chip-in-package concept is al so proposed for stacking chipsvertically and
interconnecting through ball grid arraysor built-up viasaround the sides of
the chips; the constructions are referred to as a system-in-a-package
(SP).

Coatings used as interlayer dielectrics must be thermally stable,
compatible with subsequent chemical, plasma, or laser processing steps,
must not outgas, must be planarizing, and must beeasily etchedtoformfine
vias. Boththepolyimidesand Cycloteneare sol vent-based formul ationsthat
when adequately cured meet these requirements. Thicknesses of spin
coated and cured filmsmay rangefrom 2 umto 15 umand can be controlled
by adjusting the viscosities (percent solids) of the solution coating and the
Spin speed.

The suitability of DuPont Pl 2611 polyimide (now available from
HD MicroSystems) as an interlayer dielectric was extensively studied by
Hughes Microelectronics under aNavy contract.[?8! Multilayer substrates
fabricated with Pl 2611 polyimide passed physical and electrical testsafter
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500 temperaturecycles(-65° to 150°C), 1,000 hoursof aging at 150°C, and
500 cycles thermal shock. Separately, the thermal stability of Pl 2611,
measured by thermal gravimetric analysis (TGA), was excellent up to
approximately 500°C. (Fig. 4.17). 1sothermal weightlossat 400°Cwasonly
0.05 mg during the first few minutes while bringing the sample up to
temperature (probably due to adsorbed moisture or low- mol ecul ar-weight
species) and only 0.02 mg after a 7-hour exposure (Fig. 4.18). Chemical
stability after thermal aging was verified by infrared (IR) spectroscopy.
There was no change in the IR spectrum after 1,000 hours at 150°C (Fig.
4.19).

Di ic Film L
—
Formation of Photo—Vias Laser Drilling of Vias
—
Electroless Cu Plating Electroplating of Cu
@ (b)

Figure 4.16. Concepts for Chip-in-Polymer; (a) chip embedded with a liquid
photosensitive coating, (b) chip embedded by a laminate. (Courtesy of Fraunhofer
1IZM.)

Although some polyimides have high water absorptions, Pl 2611
absorbed only 0.34% after 24-hoursin boiling water. Pl 2611 also passed
NASA outgassing testsfor toxicity, volatile condensiblematerials (VCM),
and total massloss (TML) (Table 4.5).
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Figure 4.17. Thermal gravimetric analysis (TGA) curve for DuPont Pl 2611
polyimide.
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Figure 4.18. Isothermal stability of PI 2611 polyimide at 400°C.
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Figure 4.19. Infrared absorption spectra for PI 2611 polyimide, before and after
150°C aging.

Table 4.5. Outgassing Evaluation of DuPont PI 2611 Polyimide*

Test Test Method Conditions Results
Toxic off gassed o
products NHB8060.1C, Test 7 120°F Passed
125°C, <10°®
Volatile condensible torr, 24 hr; <0.01%
materia (VCM) MSFC-Spec-1443 collector plate | (passed)
at 10°C
125°C, <10°® 0.68%
Total massloss (TML) M SFC-Spec-1443 torr, 24 hr ® )
. . % changein Passed, no
Optical degradation M SFC-Spec-1443 reflectance change

*Tests performed by NASA/MSFC, Material Code 00082, April 19, 1993.
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4.5.1 Formation of Microvias in Dielectric Coatings

Theability toform thousandsof viasassmall as15-pmin diameter
inadielectricthat may be5to15-umthick isessential infabricating very high
density multilayer interconnect substrates and chip-scal e packages (CSP).
After metallizing theviasand photodelineating the conductors, hundredsto
thousands of z-direction interconnections can be produced, allowing the
close-packing and interconnection of VL SIC (Very Large Scale Integrated
Circuit) chips. Polyimide, themost widely used diel ectric, will beused asthe
exampleinthefollowing discussion of via-forming processes.

Viasmay beformedin polyimidefilmsby oneof four methods: dry
plasma etching, wet etching using a photoresist, wet etching using
photodefinabledielectrics, or laser ablation. Inall processes, viasof 35-um
diameters or smaller can be etched in a dielectric thickness of 25 um or
less.[?7]

Dry Plasma Etching. According to this process, the polyimide
precursor (polyamic-acid) isdeposited ontoawafer, usually by spin coating,
and fully cured (imidized). A temporary resist mask (photoresist or thin
metallization) isthen applied in which the desired via pattern is generated.
Themask must be capabl eof withstanding theetching sol utionsor must etch
at a slower rate than the polyimide. Next, vias are etched in the exposed
polyimide by areactive plasma, a process also called reactiveion etching
(RIE). Theplasmamay beformed from oxidizing gasessuch asmixtures of
sulfur hexafluoride (SFg) and oxygen, or carbon tetrafluoride (CF,) and
oxygen. After the vias are etched, the temporary mask is removed (Fig.
4.20).

Wet Etching. Vias may also be wet etched at the polyimide
precursor stage prior to imidization. After spin-coating the polyamic-acid
solutionontothewafer, itisbakedto evaporatethe sol vents, soft baked, then
overcoated with atemporary mask in which the vias are patterned using a
positive photoresist. After exposure to ultraviolet light, the photoresist is
developed using an aqueous alkaline solution that serves a dua role. It
simultaneously hardensthephotoresi st inthe unexposed areasand dissol ves
the exposed photoresist and the underlying precursor. After the hardened
photoresist is removed, the polyimide precursor isimidized by heating to
350°C and, in some cases, up to 425°C to assureamore completecure (Fig.
4.21). Thiswet etch process is specific to polyimides and is based on the
solubility of thecarboxylicacid portion of theprecursor inalkalinesolutions
suchasammonium hydroxide, tetramethylammonium hydroxide, or sodium
hydroxide.
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Although somewhat moreeconomical thandry etching, wet etching
does not produce the fine microvias achieved with dry etching, and thusis
moresuitedtoforming coarser featuressuch asbond padsor largevias. Wet
etching isisotropic, etching laterally and vertically at the same rate, thus
producingslopedvias.

Photoimageable Polymer Processes.With the introduction of
photoimageabl e polymer coatings, the number of process steps necessary
to form vias has been significantly reduced (up to 60%) resulting in cost
savings(Fig. 4.22). Inthe case of aphotoimageabl e polyimide, the process
involves spin coating the polyimide, soft baking, and exposing to uv light
which causes the polymer to crosslink and harden. The masked areas
remain solvent soluble and are removed during the development step.
Finally, the coating is heat cured at 200° to 350°C which simultaneously
imidizes the polymer and decomposes and volatilizes the cross-linking
groups that initially rendered the polymer photosensitive. Photodefinable
polyimideswiththicknessesupto40 umhavebeen devel opedfor fabricating
chip-scale packages (CSP).[28l Well-defined vias as small as 10 pm in
diameter in a 9-um-thick photoimageable polyimide coating have been
produced (Fig. 4.23).Table4.6 comparesthe propertiesof aphotodefinable
polyimidewithaconventional one.[?%]

Besidespolyimides, other coatingssuch asbenzocyclobutene, some
fluorocarbon polymers, and epoxies can be used as interlayer dielectrics.
Dow Chemical’s Cyclotene, a BCB, has been extensively studied and is
beingused asaninterlayer dielectricinfabricating thin-filmmultichipmodule
(MCM-D) substrates.[*¥ Photodefinable versions of BCB have also been
developed for interlayer diel ectrics and other semiconductor applications.
Cycloteneis particularly useful in fabricating high-speed, high-frequency
devices and interconnect substrates because of its low dielectric constant
and dissipation factor which remain fairly constant over awide frequency
range (see Ch. 2).

Photodefinableepoxy formulations, havingahigh T of 168°C, have
alsobeendevel oped and areuseful infabricating high-density printedwiring
boards.*1[32 Microvias, either of the blind or buried types, can be formed
in the epoxy after exposure to uv radiation through a photomask and
development using an aqueous solution. High-density multilayer PWBs
formed from photodefinable epoxies can be a low-cost alternative to
analogous polyimide boards, however, optimum dielectric and thermal
properties, in both cases, require subsequent el evated temperature cures. A
subsequent cure of two hoursat 160°C for theepoxy isnecessary to achieve
aT, of 168°C.
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Figure 4.23. Microvias formed from photoimageable polyimide. (Courtesy Arch
Chemicals, Inc.)
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Table 4.6. Cured Film Properties* of DuPont’s Photodefinable and Non-
photodefinable Polyimides!??!

Non-photodefined Photodefined
(PI 2611) (PI 2741)

Thermal Properties

Glass Transition Temp., °C 350 365

Decomposition Temp., °C 620 620

% Weight Loss (500°Cin air, 2 hr) 1.0 15

CTE, ppm/°C 5 10

Residual Stress, MPa 10 20
Mechanical Properties

Y oung's Modulus, GPa 6.6 6.1

Tensile Strength, MPa 600 330

Elongation to Break, % 60 50
Electrical Properties

Dielectric Constant @ 1 kHz, 0% RH 2.9 3.0
Water Absorption, wt % @ 50% RH 0.8 1.2
*Cured a 400°C in nitrogen.

Laser Ablation.Viasmay also beformed by dry etchingthecured
polyimide using laser ablation in which casethe dielectricisvolatilized in
selected areas by a focused laser beam. Using the excimer laser to etch
polyimide and other polymer coatings has been extensively studied. It is
reportedthat thin polyimidefilmscanbeefficiently etchedinairwithapulsed
excimer laser at wavelengths of 248, 308, and 351 nm.[33 There are three
variationsof laser etching: direct-write, scanning laser ablation (SLA), and
projection. An excimer laser can be used in either a scanning mode or a
direct-writing mode (programmed focused beam). The SLA is a batch
process. A metal or inorganic mask having theviapatternisfirst generated
onthedielectriclayer by thenormal photolithographic process. A laser beam
isthen allowed to flood the entire surface through the mask, followed by
removal of the mask.[3¥ Although SLA is a batch process, the types and
number of steps required are almost identical to those of the RIE process.
In the direct-write method, however, the laser beam is focused and
programmed to form each via separately, without the need for ahard mask
or aconformal mask.
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Projectionlaser ablation utilizesaseparate hard mask to project the
via pattern onto the substrate, analogous to conventional semiconductor
photolithographic steppers. Projectionlaser ablationisespecially suitablefor
high production.

A fourth, morerecent, processfor forming microviasinvolvesL.itel
Instruments' patented direct-laser ablation through a holographic phase
mask. According to this process, a proprietary holographic phase mask is
first constructed based on the layout of the vias and a 1:1 correspondence
between the application-specific vias and the holographic lenses of the
mask. A low-fluence laser beam is then scanned across the mask where-
upon the lenses concentrate and focus the laser energy to the desired via
locations, ablating and removing al material fromtheviaholes(Fig. 4.24).
Theprocessisespecialy suited for polyimideand BCB diel ectric coatings,
although other polymer coatingsand filmscan be used. Thekey advantages
over other viaforming processes are that it:

» avoidsthe use of photoresists
* reduces the number of processing steps
« producesrapidviadrilling (4in?/sec)

» avoidslaser damageto the mask dueto low fluence beam
at mask plane

Litel reportsthat 125,000viasof 15-umdiameter in 1-mil-thick polyimidecan
beformed in less than one minute. Vias as small as 10-um diameter in 10-
mil-thick dielectric are also reported.[°

4.5.2 Supported Microbridge Crossovers

Another application for polyimide coatingsisin the fabrication of
supported microbridge crossovers as an alternate to air-gap microbridges.
The general process for forming air-gap microbridges involves forming a
copper support upon which the bridgeisformed, then etching the copper to
generate the air gap (seeFig. 4.25). Air-gap microbridge connections are
valuableinmicrowaveandMonolithicMicrowavel ntegrated Circuit(MMIC)
devices due to the very low dielectric constant and capacitance of air.
However, thereisalimit to thelength of the bridge span that can beformed
without it collapsing. Also, meandering bridges cannot be made. Theuse of
polyimide as a permanent support (microramps) allows longer spans and
more complex interconnections, but the higher dielectric constant of the
polyimide must be considered in the design.[3]
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4.6 POLYMER WAVEGUIDES

Polymer coatings are finding new applications in optoelectronics
wheremany of their attributesimportant for semiconductor and M CM fine-
line delineations are also applicable to the fabrication of waveguides.
Photolithographic processesand photocurablemateria ssuch aspolyimides,
BCB, and epoxies are used to form precise grooves in the coating for the
transmission of light. Most of these processes have already been described
inconnectionwithviaformationexcept that, inthe case of waveguides, long
narrow groovesareformedinthediel ectric coating. Polymer technology for
waveguidesisstill inastate of flux because of thewidevariety of materials
and processes that can be used and the need to achieve low losses within
the structure and at the connections. However, the rewards can be great
because of the potential for cost reduction over current methods.

Polymer coatings such as BCB are being investigated for the
fabrication of planar waveguides as potentially lower cost alternatives to
optical fibers. Waveguidesbased on polymeric material sarelessexpensive
dueto fewer stepsin the fabrication sequence than commonly used silica-
on-silicon waveguides. In one study, Multimode Interference (MMI)
waveguides were fabricated using photodefinable BCB for the core mate-
rial and athermosetting BCB for the under- and over-cladding material on
silicon wafers. Core widths and thicknesses were 7 pm.[37]

In fabricating the waveguides, photoimageable polymer coatings
such as polyimides, BCB, and epoxies are first spin-coated onto a rigid
substrate. Siliconwafers, fused quartz, epoxy-glasslaminatecircuit boards,
and ceramic circuit board materials have been used as substrates. The
coatingisthenexposedtouv light and devel opedtoformthegrooves. Other
etching methods common to semiconductor manufacturing have al so been
used, such as RIE, plasma etching, and laser ablation of a cured coating.
Some rather unigue techniques have been devel oped to create high trans-
mi ssion pathsor guidesinacoating by mani pul ating therefractiveindicesof
thecoating through diffusi on of low-mol ecul ar-weight compoundsor mono-
mersinto the coating in selected areas. Conversely, they can be created by
selectively leaching out low-mol ecul ar-weight constituentsfromapartially
cured coating followed by full curing. A good overview of these processes
has been given by Booth.[38]

Among desirablepropertiesthat polymersmust haveto beuseful in
waveguideapplicationsare:
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» Abilitytodelineatefineand uniformgroovesinthecoating.

» Ability to tailor the refractive index through partial or
thorough polymerization, adding formul ationingredients,
or diffusing into, or leaching out certain low-molecular-
weight constituents.

e Uniform and stablerefractive index.

» Smooth and uniform sidewalls after etching to assure
minimal lossdueto light scattering.

* CTE closely matching that of the substrate to avoid
stresses and delamination that could affect light scatter-
ing.

* Resistance to subsequent high-temperature processing
such as solder reflow.

4.7 SOLDER MASKANTS

Solder resist coatings (maskants) are heat-resistant polymer coat-
ings applied to selected areas of a PWB prior to solder coating and
component assembly. Solder maskants protect portionsof theboard during
subsequent soldering and reflowing of solder. They areuseful in preventing
sol der from spl attering onto conductor tracesor bridging conductors. Other
benefitsof solder maskinginclude: reducing sol der-pot contaminationfrom
copper or gold, protecting the circuit from handling and environmental
damage, and providingisol ation between componentsand conductor linesor
vias when components are mounted directly over the conductor lines.
Solder maskants are generally based on epoxy, acrylic, or epoxy-acrylic
resinsformulated with fillersand additivesto render them screen printable
in selected areas. They are heat cured and must withstand sol der-exposure
temperaturesashigh as 230°C (ashigh as 260°C for the no-lead sol ders)!3%
without chemical or physical degradation or loss of adhesion. Solder
maskantsaregenerally left ontheboard augmenting themoistureprotection
and electrical propertiesof theboard material itself. Colorantsareincorpo-
rated to aid in inspection and to distinguish one supplier’s product from
another.

Photoi mageabl eliquid and dry-film solder maskantsareal so avail-
able. These may be cured in selected areas by exposing the fully coated
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boardtouv light throughaphotomask. Testsfor thequalificationandtesting
of solder maskants for PWBs are specified in |PC-SM-840.

Permanent solder maskants have found new applications with the
advent of ball grid array (BGA), flip-chip, and chip-scale packages (CSP).
The solder maskant is applied to the bottom of the substrate leaving
apertures for the insertion of solder balls or for the plating up of flip-chip
bumps(Fig. 4.26).

Interconnect via

: ere bond /Mold compound
IC CHIP \ \
I T |
ONo U O U U S U U | U
Solder mask Glass/Epoxy

Thermal via substrate  Solder ball

Interconnect via Wire bond

/ Mold compound
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Glass/Epoxy

Thermal via substrate  Solder ball

Figure 4.26. Ball grid array (BGA) multilayer package constructions; (top) double-
sided construction, and (bottom) multilayer construction.

4.8 CHIP-SCALE AND BALL GRID ARRAY
PACKAGES

Both solder maskants and dielectric coatings play key rolesin the
fabrication of chip-scale and ball-grid-array packaging of single chip and
multichipmodules.

4.8.1 Solder Maskants for CSP and BGA

Chip-scale packages (CSP) are available in a wide variety of
configurations and materials of construction. However, most CSPs are of
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the BGA configuration with solder bumpsor solder ballsonthebottom of a
small interconnect substrateto whichthedieisinterconnected. For commer-
cial applications, the assembled die is plastic encapsulated.[*?! Solder
maskantsplay akey roleinthefabrication of these packagesand arecritical
to reliability, especialy at the interface of the solder maskant and the
encapsulating compound. If the adhesion between the solder maskant and
theencapsulantismarginal, delamination occurs, especially under conditions
of elevated temperature and high humidity. Most solder maskants are
compatiblewiththeencapsulant (generally amineral -filled epoxy), but some
may require extraattention, such as surface roughening by plasmaetching
to improve adhesion. Photoi mageabl e solder maskants are widely used in
fabricating BGA packages because much tighter positional tolerances are
required than for standard plastic packages.

4.8.2 Wafer-Level, Chip-Scale Packaging

Considerable research and development work and progress are
being made by semiconductor manufacturers to form CSPs at the wafer
level. Wafer-level CSPsproduced by the semiconductor manufacturer have
many advantages over packaging single chips at a separate packaging
house. Advantagesincludereduced handling, no shipping, reduced contami-
nation, and lower costs. With chip sizes decreasing and the number of 1/0s
per chip increasing, current methods of packaging chips separately often
result in the package cost far exceeding the cost of the chip. Other
advantages of wafer-scal e packaginginclude smaller size packages (essen-
tially apackagethat isthe size of thedie), potentially higher yields, and the
potential for wafer-level testing and burning-in of the CSPs before dicing.

Both photodefinabl e and non-photodefinable BCB diel ectric coat-
ingsarefinding applicationsasadditional passivationand planarizationlayers
in the fabrication of these wafer-level CSPs. BCB coatings are used in
redistributinginterconnect padsand asan underbump compliant layer. Many
variations of miniature CSPs produced at the wafer level are being
devel oped, most of which use BCB dielectric coatings.!41-{43]

4.8.3 Alpha-Particle Emissions

High purity, specially formulated silicones are used in many chip-
scal e packages as encapsul ants, coatings, and spacersfor memory devices.
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For these applications, packaging materialsmust have extremely low a pha
emissions, especially for DRAMSs, where alpha emissions from uranium
and thorium are known to cause soft errors in the memory devices. Soft
errors are random, non-recurring changes of single bits of information
stored in amemory chip that lead to data errors. Radioactive uranium and
thorium, the main sources of alphaparticles, arenaturally present in almost
al materials. The main source in formulated resins is from the mineral
fillers that are used to control viscosity and stresses. However, specialy
purified fillers and formulated silicones have been shown to contain low
amounts of uranium and thorium (Table 4.7) and to emit extremely low
amounts of al phaparticles.[*41149]

Table 4.7.Uranium and Thorium Contents for Several Dow Corning
Silicones*4l

Silicone Use U (ppb) | Th (ppb)
DC-6810 Chip-scale package encapsulant 22 54
DC-6811 Microelectronic encapsulant 0.1 13
DC-7910 Die-attach adhesive 0.08 0.63
DC-6910 Chip-scale package spacer 0.06 0.7

4.9 CHIP-ON-BOARD (COB) AND GLOB-TOP
COATINGS

Chip-on-board (COB) is afairly new packaging technology that
combines the low-cost benefits of PWAs with the high densities of hybrid
micracircuits. According to COB, bare chips are wire bonded or flip-chip
interconnectedto aPCB designed and fabricated withfiner dimensionsthan
normally used. The active chips requiring protection are then selectively
encapsulated by dispensing afilled epoxy over thedevice, aprocesscalled
glob-topping. In the board design, several 1Cs can be partitioned closely
together and encapsulated as a unit. Although thereisalwaysaconcernin
using plastic encapsulants as the prime method for moisture protection,
epoxy glob-top materials on the market have performed very well in
many applicationsand environments. Reliability isenhanced by assuringa
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good primary passivation at the die level and alow-stress, low-moisture-
absorption encapsulant. Even so, overcoating the entire COB with ahigh-
performance coating such as parylene produced improved results. In one
report, DRAM devicesglob-topped with either Hysol-Dexter FP-4402, FP-
4450, or Dow Corning silicone HIPEC Q14939 and then overcoated with
parylene, all passed 1,000 hours of 85/85 THB while control partswithout
encapsulant began to fail at 250 hours. Tests also carried out on epoxy-
encapsulated ATC-01 tripletrack resistors(SandiaNational L aboratory test
chip) survived 1,000 temperature cycles from -55° to 125°C.[46]

In other work, unpassivated ATC-01 chipswere used to accel erate
failures. After 1,000 hours of 85/85 followed by 100 hours of PCT, the
uncoated controlshad 86% failureswhilethose coated with Parylene C had
only 6.8% failures. Devices coated with a trilayer coating consisting of
Parylene C, Cyclotene, and e-beam-deposited silicon dioxide further re-
duced the failures to approximately 3%. Under the same test conditions,
passivated ATC-01 chipswithout any overcoating had failures of 45%.147]

4.10 PARTICLE IMMOBILIZING COATINGS
AND PARTICLE GETTERS

Particles that remain on a circuit even after cleaning or that
subsequently slough off from the circuit after sealing have been known to
causefailuresin hermetically-sealed microcircuits. Metallic particles such
assliversof wire, solder, or silver-conductive adhesive can causeel ectrical
shortswhilenon-metallic particlessuchasaluminaor silicafillerscan cause
abrasion and physical damage during vibration. Most hybrid microcircuit
manufacturers use the Particle Impact Noise Detection (PIND) test on a
sampling basis or on a 100% basis (for Class K, space-grade devices) to
detect loose particles. If the circuits are well cleaned and no further
sloughing of particlesoccurs, PIND testingispreferred over usingacoating
or a getter.[8

For some circuits, particles may be difficult to remove even after
cleaning and, in these cases, organic coatings may be used to immobilize
particlesor getter them. Some NASA and military programs have required
the use of coatings for greater reliability assurance. The function of the
coating isto freezein placeall loose particlesand to shield the circuit from
any particles that may subsequently detach during vibration, mechanical
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shock, constant acceleration, or actual use. Parylene and silicone coatings
have beenthe most widely used particle-immobilizing coatingsdueto their
high purity, excellent el ectrical insul ation properties, andlow outgassing (cf.
Ch. 2). Becauseof thedifficulty inremoving paryleneinreworking acoated
circuit, more easily removable soft silicones and solvent-soluble block
copolymers of silicones and styrene have been investigated and used. The
styrene-modified silicone coatings are readily and completely soluble in
toluene, xylene, the Freons*, and chlorinated sol vents. The coatings can be
removed quickly fromtheentirecircuit by vapor degreasing with Freon TF
solvent. In the original studies by Weigand and Licari, Dow Corning's
DCX9-6326, ablock copolymer of dimethyl siloxaneand al pha-methyl styrene,
was characterized for electrical, physical, and chemical properties, then
applied to hybrid microcircuits and to printed wiring boards.[*8-150 These
studieswerelater corroborated and expanded by David.!>d Inthesestudies,
extensive long-term reliability data were collected on the effects of the
coating on sensitive chip devices and on gold and aluminum wire bondsto
thick-film gold conductor pads. Wire bond pull strengths and electrical
resistance of a series of wire bonds were measured after 1,000 hours at
150°C and after 1,000 temperature cyclesfrom -55° to 125°C. In all cases,
the performance of the coated wire bonds was almost identical to the
uncoated bondsand no el ectrical failureswerenoted. Althoughthesilicone-
styrene copolymer coatings are more economical to process from the
standpoint of ease of removal for rework, ease of masking, and the lower
cost of spray application, they arelimitedin availability.

Inlieu of acoating, aparticlegetter may be applied to theinside of
thelid prior to sealing. Getter materialsconsist of soft, sticky silicones. The
effectiveness of silicone getters was demonstrated by several companies
through controlled experimentsinwhichknown quantitiesof metal particles
of varioussizeswerepurposely added to acircuit contai ning thegetter, then
vibrated and evaluated for loose particles by PIND, x-ray, and electrical
tests.[52153 The types of particles used were representative of those that
might betrapped in ahermetically-seal ed package and included gold wire,
aluminum wire, solder balls, and pieces of eutectic alloys. As with other
organic materials within a sealed package, outgassing from the getter
material must be minimized by the appropriate cure and vacuum bake
schedules. Silicone gels used as getters are available from both General
Electric and Dow Corning.

*Freon® is a registered tradename of DuPont.
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4.11 REINFORCEMENT OF
INTERCONNECTIONS

Besidestheenvironmental protectionand el ectrical insul ation prop-
ertiesthat coatingsafford, they can also reinforce wire bondsand flip-chip
solder connections. Parylene is idea for this purpose because of its
toughness and ability to completely envelop the connections. Marginal or
low-strength wire bonds can thus be encapsulated and prevented from
subsequent rupture or intermittent opens.[54

Parylene has al'so been investigated as an undercoat to reinforce
flip-chipand BGA solder connections, althoughthegeneral practiceistofill
theentirespacebetweenthesol der balIswith anepoxy underfill adhesive!>
Parylene coating was reported to improve the thermal fatiguelife of solder
jointsin ceramic packages.[5!

4.12 WIRE AND COIL COATINGS

Wiremust beelectrically insulated and environmentally and physi-
cally protected. A variety of polymer coatingscanandarebeingusedfor this
purpose. They are classified according to their thermal and physical
endurance and manner of application. Wires may be dip-coated inaliquid
bath of theresinsolution, then cured or dried, wrapped withfibrouscoverings
or resin-impregnated coverings, wrapped with tape, or covered with ex-
truded polymers. Large-diameter wire, as used in cables, is generaly
insulated by the extrusion of solid thermoplastic resins.[>”1 Thermoplastic
resinssoften on heating then resolidify on cooling. During thisprocessthey
can be shaped around aconductor wireby forcing the plastic material under
pressure and heat through an orifice concurrently with the conductor.
Extruded insulation such as polyvinyl chloride, polyethylene, or
polytetrafluoroethylene (Teflon) isrelatively thick comparedtothediameter
of the wire and is, therefore, used mainly for interconnect lead wires and
cables. Tape wrapping involves the wrapping of thin tape or plastic film
around the wire with aminimum of overlap. Several layers of tape can be
used to build up the desired insul ation thickness.

Finally, the insulation may be applied by dip coating or vacuum
impregnation. Thewireis moved through the liquid coating solution, then
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dried or baked. Thegreatest useof liquid polymer coatingsistoinsulateand
isolate thin magnet wire used in coils and windings for transformers,
inductors, hermetic motors, automotive alternator stators, and solenoids.
This section primarily addresses the liquid resin coatings for magnet wire
insulation, but somepropertiesof extruded typesare menti oned for compari-
son. Further information on wire and cable materials may be found in the
literature.[58!

4.12.1 Magnet Wire Classifications

Magnet wiremay beclassified ascoatedwire(filminsulation), wire
insulated with fibrous wrappings, or wire with an impregnated fibrous
wrapping. Wire coated with only an organic coating isfrequently referred
to as enameled wire.

The requirements and standards for insulated magnet wire are
thoroughly treated in a National Electrical Manufacturers Association
specification, NEMA- MW-1000, Magnet Wire. Thisspecificationconsists
of three parts:

1. Covers the scope, definitions, and sub-tier standards.

2. Containsextensivetablesof propertiesand requirements
for various sizes and insulations of magnet wire.

3. Describestest methods, among which are adhesion, flex-
ibility, elongation, heat shock, springback, dielectricstrength,
continuity, completion of cure, coverage, solderability,
solubility, thermal endurance, scrape resistance, and hy-
drolyticstability.

Insulated magnet wire is generally classified according to its
thermal endurance and thermal index rating according to ASTM D2307,
Sandard Test Method for Thermal Endurance of Film-Insulated Round
Magnet Wire. Thermal endurance is a measure of the stability of an
electrical insulation material or combination of material swhenmaintained at
elevated temperature for extended periods of time. The thermal index or
class is a measure of the thermal stability of an insulation based on the
temperature, indegreesCelsius, obtai ned by extrapol atingthe Arrheniuspl ot
of life versus temperature to a specified time, usually 20,000 hours. Some
major insul ationtypesandtheir thermal classificationsaregivenin Table4.8.
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Table 4.8. Examples of Magnet Wire Insulation Types and Thermal Classes

Insulation Type Thermal Index, °C

Polyurethane 105
Polyurethane with self-bonding overcoat 105
Polyamide 105
Polyvinyl acetal 105
Polyvinyl acetal overcoated with polyamide 105
Polyurethane overcoated with polyamide 130
Epoxy 130
Polyester (amide) (imide) overcoated with polyamide 155
Polyester (amide) (imide) 180
Silicone-treated glass fiber 200
Polyamide-imide 200
Polyimide 220
From NEMA-MW-1000.

4.12.2 Magnet Wire Constructions

Organic coatings are applied directly to copper or aluminum wire
whichmay beround, square, or rectangul ar. Oneinsulation typemay bethe
only dielectric material needed but, for greater toughness, higher dielectric
breakdown voltage, and moisture protection, the wire is often overcoated
with a second and even athird insulative coating type. Generally, several
layersof the same coating are applied to assure freedom from pinholesand
maximum diel ectric breakdown strength.

Figure4.27 showsthe construction for adual-insulated wire using
PolyThermaleze® 2000. The first insulation consists of several coats of a
modified polyester that provideshigh thermal endurance, high temperature
dielectric, overload resistance, resistance to thermoplastic flow, good
adhesion, and flexibility. Thetop insulator, consisting of several coatsof a
modified polyamide-imide, providesheat shock resi stance, moistureprotec-
tion, surface toughness, and chemical resistance. Wire, so coated, meets
Thermal Class 200 for copper and 220 for aluminum.

*PolyThermaleze® is a registered tradename of PD Wire and Cable, a Unit of Phelps
Dodge.
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A tripleinsulationthat providesan outer bondabl e surfaceisshown
in Fig. 4.28. Here the third or top layer consists of a modified polyester
cement that forms a strong turn-to-turn bond throughout the winding and
often eliminates the need for an impregnating varnish.

The properties of Bondeze and Thermaleze compared with other
insulation typesaregiveninTable4.9.

—— Copper or Aluminum
THEIC Modified Polyester*
Modified Polyamide Imide*
*multiple coats

Figure 4.27. Construction of a dual-insulated wire: PolyThermaleze® 2000.
(Courtesy PD Wire and Cable.)

Copper or Aluminum
THEIC Modified Polyester”

- ———————— Modified Polyamide Imide*
——————— Modified Polyester Cement*
*multiple coats

Figure 4.28. Construction of a triple-insulated wire: Bondeze® M. (Courtesy PD
Wire and Cable).



Table 4.9. Wire Insulation Coatings and Properties

. . Insulation
Product —_— Thermal Dielectric : .
Polymer Type Tradename Applications Class Breakdown Resistance Other Properties
(ohms)
5 x 10" (RT)
. . 10kV (RT) 13 Excellent
Polyvinyl Formal Formvar Qil filled transformers 105 7KV (105°C) 2.8><010 hydrolytic stability
(105°C)
Dry-type transformers
Modified Polyester : hermetic motors, tool 13
(inner layer), A;nﬁgﬂegg motors, auto 200 (Cu) 11 kV (RT) ° ; :ZL(i 1(03;)'— ) Temp. resistance
Polyamide-imide (outer < aternators, stators, 220 (Al) 7 kV (200°C) oo >200°C
2000 - . (200°C)
layer) solenoids, toroidal TV
yokes
Modified Polyurethane . Coils (particularly 85kV (RT) | 5% 10" (RT)
(inner layer), Polyamide Nyleze/155 random wound) 155 6 dkv 105°C 2.8x 10°
Nylon (outer layer) Universal motors ' ( ) (155°C)
Modified Polyester :
(inner layer) Modified Fractional and integral Same as for Sameas for B(c);fn (_T_er\]belren\]/a?reszgn
Polyamide-imide Bondeze M* horsepower motors, 180 Poly- Poly- 2000. hiah
(middle layer) Modified universal motor fields Thermaleze Thermaleze retention ofgbo nd
IF;;Ié/Sﬂer cement (top and motor stators 2000 2000 strength at 180°C

(cont'd.)



Table 4.9. (cont'd.)

. . Insulation
Product — Thermal Dielectric : .
Polymer Type Tradename Applications Class Breakdown Resistance Other Properties
(ohms)
5 x 10% (RT)
Polyesterimide Thermaleze T Motors and coils 180 11kv (R;I’ ) 5 x 10%° Solderable
7 kV (180°C) "
(180°C)
Motors operaingin 3 x 1012 (RT) Very highthermal
Polyarylether- PEEK harsh thermal and 220 9kV (RT) 45 x 10° and chemicd
etherketone chemical 5kV (220°C) ('22000) resistance,
environments extruded
Qil-filled transformers,
Polyarylsulfone PAS Class B and E motors 180 Extruded
Very highthermal
. Dry-type transformers, 12kV (RT) 5 x 10" (RT) and chemicd
Aromatic Polyimide Imideze traction motors, DC 240 7KV (220°C) 8.6 x 10 stability, highest
field coils (220°C) overload and cut-

through resistance

Note: Daa are for comparative purposes; not to be used for specifications.
*All products are registered tradenames of PD Wire & Cable except for PEEK.
(Courtesy of PD Wire& Cable)
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4.12.3 Wire Coating Types

M ost of the polymer typesdiscussedin® Chemistry and Properties,”
Ch. 2, may beused aswireinsulation or ascoil impregnatingresins. Although
they areformulated differently, thebasi c propertiesof eachtyperemainthe
same. Accordingly, polyimides, fluorocarbons, silicones, and
polyaryletheretherketonearebest suited for very hightemperature applica-
tions. A list of themajor polymer typesusedfor wireinsulationisasfollows:

Polyvinyl formal (Formvar)

Polyimide (Pyre ML, Kapton, tradenames of DuPont)

Polyamide(Nylon)

Polyamide-polyimide(amide-imide)

Polyester

Polyesterimide

Oleoresinousenamel

Polytetrafluoroethylene (PTFE) (Teflon TFE)

Fluorinated ethylene propylene (FEP)

Polyurethane elastomers

Polyvinyl chloride

Polyethylene

Polyaryletheretherketone (PEEK)

Polyarylsulfone(PAS)
Polymer typesused for coil impregnationinclude:

Polyurethane

Acrylic

Epoxy

Silicones

Ingeneral, wireandimpregnation coatingsconsist of high-molecu-

lar-weight polymers, either thermoplastic (linear) or thermosetting (cross-
linked). Thethermopl asticshavedefinite softening or melting points, above
which the materials are not usable, especialy where local stresses are
encountered. Examples of thermoplasticsinclude Teflon, other fluorocar-

bons, polyamides such as Nylon, polyaryletheretherketone (PEEK), and
polyarylsulfone (PAS). The melt temperatures for most of these thermo-
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plasticsarevery high, greater than 200°C and for some greater than 300°C.
Thermosetting coatings are tougher, more resistant to abrasion and cut-
through, and have improved solvent resistance. Examplesinclude polyes-
ters, epoxies, and polyvinyl formals.

Toinsurereliability, wiremay be coated with several layersof two,
or even three, different polymer types. In thisway characteristics are also
achieved that could not be achieved with any one polymer alone. Thus,
polyvinyl formal may be overcoated with nylon to provide the lubricity
propertiesof nylonfor greater easeinwinding. Polyvinyl formal isfrequently
overcoated with polyvinyl butyral to render the coating self-bonding either
by heat or sol vent action, aproperty that isespecially important infabricating
formed cails.

Plain Enamel or Oleoresinous Coatings. The terms “plain
enamel” or “oleoresinousvarnish” refer tothenatural resinouscoati ngsthat
have been used as standard wireinsulation for more than sixty years. They
arederived from natural drying oilssuch aslinseed or tung oil and are cured
throughair oxidationof their inherent doubl e (ethylenic) bonds. Thecoatings
may beenhanced by “ cooking in” fossil or syntheticresinstoimprovetheir
hardness and resistance to solvents. Because of the dark color of thefinish
wire, such coatingsare sometimesreferred to as“ black enamels.” Oleores-
inous coatings are rapidly being replaced by the higher performance
synthetic coatings.

Polyvinyl Formal and Modified Polyvinyl Formal Coatings.
Coatingsbased on polyvinyl formal (Formvar) werefirstintroducedin 1938
as magnet wireinsulation, but remain in wide usetoday. The base polymer
issynthesized by partially hydrolyzing polyvinyl acetate andthenreacting
the free hydroxyl groups of the resulting product with formaldehyde to
form the six-membered formal structure. The polymer, therefore, contains
threebasicfunctional units: vinyl formal, vinyl alcohol, andvinyl acetate, as
inFig.4.29.

Polyvinyl formal isthermally stablefor extended periodsof timeat
110°C; its thermal endurance curve is shown in Fig. 4.30. Used aone,
Formvar hasmarginal solvent and abrasion resistance, but itspropertiesare
greatly improved by modifying thebasi c resin through reactionwith phenol
formal dehydeor cresol formal dehyderesins. Bothresinscondensewiththe
free hydroxy! groups of the polyvinyl formal to produce coatings that are
extremely tough and flexible and that possess good abrasion and solvent
resistance. Polyvinyl formal can also be modified with resins such as
melamine, urea, epoxy, and urethanes.!>)
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CH2
~N
T CHZ—(IZH T‘H-1—CH2—CH -||—CH2—(I3H —
oL _9© OH o
CH, |
c=0
I
CHj
Vinyl Formal Vinyl Alcohol Vinyl Acetate
Group Group Group

Figure 4.29. Molecular structure for polyvinyl formal resin.

18 AWG Copper, Heavy Build Insulation

105 130 1556 180 200 220

Hours

1,000

100 T T T T
120 160 200 240 280 320
Temperature, °C

Figure 4.30. Measured thermal endurance curve for Formvar. (Courtesy PD Wire
& Cable.)

Themodificationswithurethanesareespecially favored because of
their sol der-through properties. Dip-tinning or sol dering at hightemperatures
(upto 350°C) may easily beperformedwithout havingto previously strip of f
the insulation. Three-component coatings consisting of polyvinyl formal,
polyurethane, and polyester areal so easy to solder through and, in addition,
have good flow, flexibility, heat shock properties, and good resistance to
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solventsand abrasion.!®? Infact, practically all the solderable magnet wire
coatings on the market contain urethane modifications.

Polyurethane Coatings. Polyurethane coatings that are used as
wireenamelsaregenerally thereaction productsof hydroxylated polyesters
or hydroxylated polyethers with tolylene diisocyanate. Admixing these
components, however, resultsinvery rapid polymerization—toorapidtobe
of any practical use. For thisreason, polyesters containing excessisocyan-
ate groups are first reacted with phenol to yield adducts that are relatively
stable at room temperature. After coating the wire and baking at elevated
temperatures, the phenol portion of the adduct isreleased and the resulting
freeisocyanate groupsthen react with the hydroxy! groupsof the polyester
to form the desired polyurethane coating. This is the ASTM Type 3
polyurethane previously discussed in Ch. 2. Other polyurethane wire
enamels consist of reaction products of isocyanates with Formvar and, as
mentioned in the previous paragraph, offer good solderability. In fact, the
largest share of the solderable insulation market consists of polyurethane
systems.[64

Polyester Varnishes and Enamels. Polyester varnishes are
produced by thecondensation of terephthalicacid, aglycol, andapolyol such
asglycerine. Whenthe proper ratiosare mixed and heated, partial polymer-
izationoccurs, leaving the product solublein solvents. Thegeneral structure
of apolyester polymer is represented by Fig. 4.31.

o) o) o) o)
Il Il [l [
CH2CH,0— C C— OCHCHCH,0C— c—
|
n

Figure 4.31. General molecular structure for polyester resin.

Polyester coatingsmay beappliedtowireby either an automated or
manual dipping operation and subsequently baked at 150°-205°C. They
may be used alone or in conjunction with other compatible wireinsulation
suchasnylon polyamides, Formvar, polyimides, or polyurethanes. Polyester
wire coatings are noted for their excellent thermal propertieswhich derive
fromthestability of theester linkages, thehigh cross-linking density, andthe
symmetry of the para-substituted benzenerings. They qualify for Class A
(105°C) through Class 200 (200°C) applications.
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Polyarylether ether ketone(PEEK). Polyaryletheretherketoneisa
linear thermoplastic polymer that is difficult to dissolve in any known
organic solvent. It must, therefore, be applied to the wire by extrusion
whereby itisheated toitssoftening point and allowedtoflow under pressure.
Theconditionsfor extrusionareproprietary. Thekey attributesof PEEK are
its high temperature stability (Thermal Class 220) and high chemical and
humidity resistance. Itshighly aromatic molecular structure providesthese
excellent properties. The crystalline melting point is 334°C. The thermal
endurance curveisgiveninFig. 4.32.

18 AWG Copper, Heavy Build Insulation

105 130 156 180 200 220 240
10000 L

Hours

1,000

-'7I'I.'I'lI'AI"I'I'I'I'I'I'I
120 160 200 240 280 320
Temperature, °C

100

Figure 4.32. Measured thermal endurance curve for PEEK. (Courtesy PD Wire &
Cable.)

PEEK’s resistance to extreme hydrolysis conditions is unique.
When tested in distilled water in apressure bomb at 260°C and 675 psi for
8 hoursfollowed by 16 hours at room temperature and repeated for atotal
of 5 days, PEEK retained 56% of its dielectric strength while polyimides
failed, and theinsulation turned black and became brittle.[%2

Polyarylsulfone (PAS). Like PEEK, polyarylsulfone is a linear
crystalline thermoplastic polymer which is also difficult to dissolvein the
known organic solvents. It too must be applied by the extrusion process.
Because of its aromatic structure, it has high thermal stability, but not as
much as PEEK. Its melt temperature is 254°C and it belongs to Thermal
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Class180. Moreonthechemistry and propertiesof polyarylsulfonesmay be
foundin Ch. 2.

Polyimide Wire Insulation. Polyimide coatings are extensively
used for high temperature wire insulation and for insulation that must
withstand high radiation fluxes. Pyre-ML (tradename of Summit Precision
Polymers; availablefromReaM agnet Wire Co.) polyimidevarnishhasbeen
inusefor many yearsasamagnet wireinsulationfor dry-typetransformers,
dc field coils, and submersible pump motors. It israted for continuous use
at 220°C. The measured therma endurance for PD Wire & Cable's
polyimide Imideze® is given in Fig. 4.33. As an overcoating, polyimide
provides an extremely tough abrasion-resistant film that also exhibitshigh
resistanceto radiationand heat. Polyimide-coated roundwireisspecifiedin
NEMA MW-16. Polyimide coatings are also used as insulation and
impregnants for motor, coils, and relays. Because of their low weight loss
at elevated temperatures and their high chemical resistance, polyimide
varnishes are useful in encapsulated windings and hermetically-sealed
components. Polyimide wire coatings are compatible with numerous
phenolic, polyester, and epoxy varnishesand encapsulantsand areresistant
tomost sol ventsand chemical's. Theexceptional toughness, thermal stability,
and chemical resistanceof cured polyimide, however, becomesadrawback
initsability to be easily stripped from wirein order to perform rework or
makeel ectrical connections. Other limitationsincludeitshydrolyticinstabil -
ity at temperatures above 105°C in a sealed system containing moisture.
Polyimides under the DuPont tradename of K apton® may also be used asa
filmtoinsulatewire.

Impregnating Varnishes. After coils and their cores are as-
sembl ed, thepart (for example, atransformer or toroidal coil) isimpregnated
with varnish and encapsul ated or otherwise embedded in oneof avariety of
materials (Fig. 4.34). Completeimpregnation servesfour main functions:

» Additional electrical insulationfor thewires

» Better heat dissipation

» Protection from moisture and other contaminants
» Better shock and vibration resistance

The exclusion of air and oxygen by thorough impregnation with
organic coatingsresultsin substantia improvementsinthermal life. Epoxy
impregnation, for example, may upgradeaClass A insulationto aClassB.
The cooler operation of coils and transformers has permitted a degree of
miniaturizationnever beforepossible.
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18 AWG Copper, Heavy Build Insulation
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Figure 4.33. Measured thermal endurance curve for Imideze. (Courtesy PD Wire
& Cable.)

Figure 4.34. Silicone-coated toroidal coil. (Courtesy of Dow Corning Corp.)

4.13 COATINGS FOR SPACE APPLICATIONS

Coatings and other polymeric materials are extensively used in
manned and unmanned space vehicles and communications satellites to
reduce volume, weight, and cost. In these applications, organic PCB
coatings and other plastic materials are exposed to space environments
ranging from the rather benign, Low Earth Orbits (LEO) to hostile deep
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space and planetary orbits. Their survivability in high vacuum, extremes of
low and hightemperatures, ultraviol et light, atomic oxygen, micrometeorites,
gammaradiation and other formsof high energy ionizing radiation must be
known and mitigated.

4.13.1 Radiation Effects

In selecting coatings for space or military applications, such as
planetary probes, manned orbiting laboratories, satellites, spacecraft, and
missiles, the effects of solar, degp space, and nuclear radiation must be
considered. A comprehensive discussion of radiation effects on electronic
systemswasgiven by Messenger and Ash.!6%l Radi ation effectson coatings
and plastics are difficult to evaluate or predict because of the difficulty in
reproducing the exact radiation environment which consists of many types
of radiation, fluxes, energy levels, high vacuum (space), or high heat
(nuclear). Inaddition, coating formul ationsare proprietary mixturesof many
ingredients, and have adistinctive behavior. Accordingly, generalizations
should not be made, except perhaps for pure unformulated resins under
controlledradiationtest conditions.

A detail ed description of thevariousel ementscomprising thespace-
radiationenvironment hasbeengivenby Goetzd, etd.,[% andby Mcllwain.[6]
In general, space radiation may be classified as solar or penetrating. Solar
radiation consistsof x-rays, uv light, visiblelight, andinfrared radiationwhile
penetrating radiation consists of high energy ionizing radiation such as
protons, electrons, alpha particles, and gamma rays. The most serious
radiation existsintheVan Allen beltswherehigh energy ionizing radiation
from solar flares has become trapped by the Earth’s magnetic field. The
inner belt starts at only 200 miles above the Earth, but extends beyond 500
miles. It consists mainly of high-energy protons with energies of 10-100
MeV. The outer Van Allen belt consists mainly of electronswith energies
of 1-10 MeV. Both protons, electrons, and other ions from these belts are
highly penetrating and pose a danger to astronauts and risk damage to
electronic devices, sensors, instruments, and to material s.[661(67]

Transient and Permanent Effects. The effects of radiation on
the electrical and mechanical properties of many polymeric dielectric
materials have been reported by Pascale et al.,[%8 and Bouquet.[®¥ The
radiation hardness of a material is denoted as the total rad flux required
to degrade a specific material parameter to the point whereit is no longer
useful or becomesareliability risk. Material parametersnormally measured
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aretensilestrength, elongation, flexibility, adhesion, insulation resistance,
and dielectric constant. Radiation effects may be transient, those that
disappear upon removal of the radiation field, or permanent, those that
remain after thefield has been removed. In either case, catastrophicfailure
of electronic components and circuits can occur.

Transient effects are usually the result of electron excitation and
temporary ionizationandwill normally affect theel ectrical propertiesof the
polymer. Electron excitation increasesthe number of conducting electrons,
hence, the electrical conductivity of the polymer—a process similar to
photoconductivity induced by light. Where coatings provide insulation
between closely spaced conductors or serve as interlayer dielectrics for
controlled-impedance circuits, radiation-induced conductivity can cause
circuit failures through an accumulation of electrostatic charges.

Besidesanincreasein electrical conductivity andleakagecurrents,
reduction of breakdown and flashover voltages can aso be produced by
radiation. Transient effects disappear immediately or slowly after the
radiation source has been removed. However, these transient effects are
often not large enough to disqualify polymers as protective coatings or as
insulation, especially if the design engineer has made allowance for these
changes. In most cases, structural changes occur before any permanent
electrical changes.

Permanent damage due to radiation is generally the result of
chemical changes. Radiation may induce either scission of long-chain
polymer molecules or increased cross linking. In the course of either
mechanism, ionic and free-radical speciesareformed that, inturn, degrade
theel ectrical propertiesof theinsul ating material . M olecul ar scissionresults
in reduced mechanical strength, lower softening point, and outgassing of
low-molecul ar-weight speciesthat areformed by decomposition. Increased
crosslinking resultsinincreased hardness, lossof tensileand peel strengths,
embrittlement, cracking, and loss of adhesion. (Fig. 4.35).

Outgassing Due To Radiation. In addition to the transient and
permanent radiation effects described above, there may be side effectson
both components and material s caused by gases and other volatiles arising
from the decomposition of the plastic. Gases commonly evolved from
irradiationincludeammonia, water vapor, methane, low-mol ecul ar-wei ght
hydrocarbons, carbon dioxide, hydrogen halides, and halogens. Gasevolu-
tioncanbeparticularly detrimental for el ectronic partsthat aresealed. First,
abuild-up of pressure can cause rupture of the seal or package. Secondly,
entrapped gases cause corrosion and shiftsin electrical parameters.
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Damage Utility of Organic
7 Incipient to mild Nearly always usable
Mild to moderate Often satisfactory
I Moderate to severe  Limited use

Y2277 7772777777 77777777771

Phenolic, glass | [
Phenolic, asbestos filled I \ 77777777
Phenolic, unfilled

Epoxy, aromatic-type curing agent [
Polyurethane L
Polyester, glass filled [
Polyester, mineral filled I

[

Diallyl Phthalate, mineral filled
Polyester, unfilled

Mylar

Silicone, glass filled

Silicone, mineral filled
Silicone, unfilled
Melamine-formaldehyde

YZ77777777 7777777

Y777777777)
2777777773

p7777777772

777777777777]

Urea-formaldehyde
Aniline-formaldehyde

Polystyrene L P2777777773
Acrylonitrile/butadiene/styrene (ABS) [ SIEII7757177
Polyimide [:

Y7772727277271
/IIIFIES.

Polyvinyl chloride
Polyethylene
Polyvinyl formal

Neoprene rubber
Silicone rubber
Polypropylene

Polyvinylidiene chloride
Polycarbonate
Kel-F Polytrifluorochloroethylene
Polyvinyl butryal
Cellulose acetate
Polymethyl methacrylate
Polyamide
Vinyl chloride-acetate
Teflon (TFE)
Teflon (FEP)
Natural rubber
Styrene-butadiene (SBR)

I

Polyvinylidiene fluoride (Kynar 400) [
L 1 1 1 1 1 1
104 10° 108 107 108 10° 10%°

Gamma Dose, rads (Si)

Figure 4.35. Relative radiation resistance of polymer insulation materials based
on changes in physical properties.

Outgassi ng becomessignificant at radiation dosagesof 10° radsand
above. Limited dataexist for valuesbel ow 10° rads. However,extrapol ating
data from high radiation doses to lower doses shows that neoprene
outgasses to the extent of 7 x 10*ml/g at 10* radsand Mylar film hasvery
dight outgassing of 7 x 10°> ml/g under the same conditions ™ (Fig. 4.36).
Ingeneral, outgassing at total dosesof |essthan 10* radsisnegligiblefor most
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polymers and not considered a problem. At higher doses, the severity of
outgassing from specific materials must be determined experimentally.
Material sevaluated to date show alinear responsein theamount of evolved
gasversusgammaradiation dosage asshownin Fig. 4.36. A comparison of
gasevolution from various polymer material swhen exposed to 3to 7 x 10°
radsis given in Table4.10. Several conclusions may be drawn from this
table:

» The more aromatic the polymer structure, thelessgasis
evolved. Aromatic structures of varying degrees are
represented by items 2 to 4, 6, 8, and 9 in the table.

» The nature of thefiller has a pronounced effect on gas
evolution. Asindicated by comparingthepaper-filledwith
the graphite-filled phenol-formal dehyde, paper is a poor
material to use asafiller.

» Polyvinyl formals(Formvar), widely used aswireinsula-
tion, were among the worst outgassers and should be
avoidedfor radiation-hardened systems. Polyimide (Pyre
ML) wireinsulationisreportedto bevery resistant, again
because of its highly aromatic structure.

Radiation Effectson Plasticizer sand Fillers. Probably the most
serious effect of radiation is on the stability of plasticizers in coating
formulations. Increased crosslinking caused by irradiationresultsin polymer
shrinkage and sgqueezing out of the plasticizer. The plasticizer may then
agglomerate in droplets throughout the specimen or exude to the surface.
Thecombination of crosslinking and separation of plasticizer increasesthe
rigidity and brittlenessof the coating.!”™

Other formulation ingredients such as driers, pigments, and flame
retardants, especially if usedinsmall amounts, arelittleaffected by radiation.
Whereas, somefinely powdered metal fillers have been knownto catalyze
radiation damage in polymers, inorganic fillers such as silicaand alumina
suffer comparatively little deterioration and, in fact, can reduce the total
damage to the plastic matrix. Terail’ has shown very little effect due to
pigmentsin paints at radiation doses lessthan 1.5 x 10’ rads (gamma), but
considerable changes occurred at levels of 8 x 108 rads or greater. At the
higher doses, for example, titanium oxide accelerated the damage of
nitrocellulose lacquer, whereas, carbon black inhibited damage. At lower
levels, nodifferenceswerenoted withwhitel ead, titanium dioxide, antimony
oxide, calcium carbonate, barium sulfate, talc, iron oxide, chromium oxide,
carbon black, Hansayellow, and toluidine red.
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Figure 4.36. Outgassing of plastics resulting from irradiation.[’]

Table 4.10. Gas Evolution from Polymers Irradiated at 3 to 7 x 108 rads

Polymer Type Gas Evolved, ml/g
1. Polymethylmethacrylate 12.0
2. Phenol formaldehyde, unfilled 1.1
3. Phenol formaldehyde, graphitefilled 0.01
4. Phenol formaldehyde, paper filled 6.0
5. Polyamide 11.0
6. Polyester 34
7. Polyethylene 38.0
8. Polyethylene terephthalate (Mylar®) 12
9. Polystyrene 0.1

10. Polyvinyl formd (Formvar) 37.0




346 Coating Materials for Electronic Applications

Correlation of Polymer Structureswith Radiation Resistance.
Asarule, polymers having highly aromatic benzene-ring type or nitrogen
heterocyclic structures are much more resistant to radiation than aliphatic
polymers such as polyethylenes or fluorocarbons. Polymers consisting of
repeating aromatic or heterocyclic units will display a high degree of
radiation resistance. For example, an epoxy cured with an aromatic amine
retained 60% of itsflexural strength after exposureto 10°rads, whereas, the
same epoxy resin cured with a low-molecular-weight aliphatic amine
retained only 25 to 30% of its flexural strength after exposure to 4 x 108
rads.[”3ll74 The aliphatic amine-cured epoxies also showed three times
greater outgassing than the aromatic-amine-cured epoxies.

Polystyrene, which has a highly aromatic structure, is among the
most radiation-resi stant plasticsknown.

CH=CH, —— cH— CHy—CH— CHy—CH—}—

Syrene Polystyrene

AsshowninFig. 4.37, most of the physical propertiesfor polysty-
rene were unaffected at electron dosages up to 1 x 10° rads. Tear strength
was an exception with about 75% retention at the sameradiation dosage.[™!

In spite of their excellent radiation resistance, polystyrenesare not
widely usedfor el ectronic applicationsbecause of their inherent flammabil-
ity, low thermal stability, high shrinkage, high exotherm during cure, and
generally poorer mechanical properties compared with other polymer
coatings.

Polyimides, also highly aromatic and heterocyclic polymers, have
been reported to withstand up to 100 Mrad of gamma radiation without
degradation of mechanical, electrical, or adhesion properties.[”
Benzocyclobutene, also a highly aromatic structure, withstood a 10 Mrad
dose without affecting its flexural strength or CTE properties!””l Room
temperaturevul canizing siliconesareal soreported to haveradiation stability
at 100 Mrads when exposed to a Cobalt 60 source.
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Figure 4.37. Effect of irradiation on the mechanical properties of polystyrene.[”

Dielectric material's, such asPTFE and other fluorocarbonsusedin
microstrip antennas and RF cableinsulation, are particularly vulnerableto
radiation damageonlong-termor high-intensity exposures. Itisreported that
the degree to which PTFE is affected isafunction of the amount of energy
absorbed, regardless of the type of radiation; beta, gamma, and x-ray
energies, al had an equivalent effect.[®! Fortunately for spaceapplications,
thetotal radiation threshold that polymer materialscantolerateishigherin
vacuumthaninair, but still, depending onhow many yearsasatelliteistobe
operational, even these moderate radiation doses may be exceeded. Table
4.11 showsthethresholdsfor PTFE in air and in vacuum versusthe loss of
mechanical strength.l”® The primary failure mechanism for PTFE and
related fluoropolymersconsistsof scission of thepolymer chainintosmaller
fragments.

Table4.11. Threshold Radiation Doses inrads for PTFE in Airand Vacuum

Parameter In Air In Vacuum
Damage Threshold 2-7x 10" 2-7x 10*
50% Tensile Strength 10° 10’ or more
40% Tensile Strength 10" or more 8 x 108 or more
Retain 100% Elongation 2-5x 10° 2-5x 108
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Ultraviolet Irradiation. More work has been performed on the
effectsof uv radiation of polymer coatingsthan any other radiation source.
Thisis probably because of the need to test commercial products for the
long-term effectsof sunlight, but al so because of the availability and lower
equipment cost for uv sources such as mercury-vapor lamps. Xenon- and
carbon-arc lamps such as those employed in the Weather-Ometer® (Atlas
Electric DevicesCo.) areoften used, but requiremore expensive equi pment
andyieldlessintenseradiationinthelow-frequency regions. The Wesather-
Ometer simulates and accelerates various terrestrial environments by
simultaneously exposing parts to xenon-arc radiation, controlled relative
humidity, temperature, and water spray. Theequipment isextensively used
by manufacturers of commercial products such as textiles and paints to
determinetheir light-fastness and long-term durability. Coated panelsmay
bevisually examined after exposure or may betested by infrared spectros-
copy to determine changesin polymer structure and degradation.

By exposureto themoreintense mercury-arc radiation, avariety of
gaseousdecomposition productshavebeenidentified from somepolymers.
Some of these, such as carbon dioxide and carbon monoxide, are common
tomost organi c coatings, regardlessof their type. Other outgassing products
arespecifictothepolymer structure. For example, nineoutgassing products
wereidentifiedfromanalkyd coating after mercury-arcirradiationinair for
6 hoursor xenon-arc exposurefor 54 hours.[”? Besides carbon dioxideand
carbon monoxide, other gases evolved included formic acid, methanol,
hydraocarbons, ethylene, acetylene, and small amountsof acetoneand vinyl
compounds. Carbon dioxidewasthemajor constituent aswith other coatings
tested including vinyl, vinyl-alkyd, polyvinyl acetate, epoxy-amine, and
epoxy-polyamide. Polyvinyl chloridefilmsreleased hydrogen chloride on
irradiating with mercury-arc source.

4.13.2 Outgassing in a Thermal-Vacuum Environment

Another major concern in using organic materials in space is
outgassing and degradation in athermal -vacuum environment. Outgassed
products can condense on optical lenses and instruments or create a
corrosiveambient for el ectronics. The main mode of outgassing consists of
the volatilization of low-molecular-weight, high-vapor-pressure species.
Thesemay consist of resinsand hardenersthat have not completely reacted
due to insufficient cure or use of nonstoi chiometric amounts of reactants.
Additives such as plasticizers, flame retardants, diluents, and solvents are
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also vulnerable to outgassing. In some cases, outgassing may be due to
sublimation which isthe vaporization of asolid without going through the
liquid state, followed by redeposition from the gaseous state onto a cooler
surface. At sufficiently high temperatures, all polymers decompose by the
rupturing of atomic and molecular bondsand by therel ease of smaller more
volatilefragments.

Outgassed products from plastic materials constitute serious con-
taminantsin both unmanned and manned spacecraft because of oneor more
of the following reasons; they may:

* Beflammable.
e Benoxiousor toxic to astronauts.

* Interact with volatilesfrom other materialsto yield even
moretoxic or flammable products.

e Corrodethin-filmmetallizationson el ectronic devices.

» Deposit onto slip rings, switches, relays, and electrome-
chanical parts causing high contact resistance, electrical
opens, or high noiselevels.

» Deposit on windows, optical lenses, and display units
decreasing their transparency and reflectance.

Because plastics outgas and degrade to varying degreesin a high
vacuum space environment, special formulations, curing conditions, and
testing must be performed. In addition, for manned spacecraft, the out-
gassed products must not be toxic. Outgassing datamust be known before
specifying an organic material for space use. Fortunately, extensive tests
have already been performed and dataare available from NASA and from
numerous contractors and universities who have conducted programs for
the Space Shuttle, Space Station, Skylab, and numerous satellites. For
example, NASA-SP-R0022A, MSFC-SPEC-1443, and ASTM-E-595 all
describe the test methods for total massloss (TML) and collected volatile
condensiblematerial (CV CM) when exposed to athermal-vacuum environ-
ment.[8% Requirementsin these specifications are 1% maximum TML and
0.1% maximumVCM (V olatileCondensible M aterial s) after thesamplehas
been heated for 24 hoursat 125°C and 106 torr. InaMarshall Space Flight
Center specification (MSFC-SPEC-1443), there is also a uv reflectance
measurement test for condensiblesonamirror. Accordingtothisspecifica-
tion, thereflectance of amirror coated with aluminum magnesium fluoride
or achromium-plated collector held at 25°C should not change morethan+
3% at 200 nm. A fourth measurement of water vapor regained (WVR) is
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optional. Water vapor regai ned isthe wei ght gained by the sampl e after the
vacuum bakeexposureon all owing thesampl eto reabsorb moistureina50%
RH ambient at 25°Cfor 24 hours. Thus, in specifying conformal coatingsfor
space applications, it is not sufficient to specify only MIL-1-46058C since
many of the coatings, polyurethanes, and acrylics, in particular, may outgas
over 1% TML, depending on their degree of cure and formulation ingredi-
ents. With the imposition of the NASA requirements, suppliers have
developed many space-grade coatings that meet or exceed all the require-
ments. For example, a polyurethane that passes the NASA outgassing
requirements and has been used successfully for many years as a PCB
conformal coating in space applications is Uniroyal’s Solithane 113, an
isocyanate resin cured with apolyol (C113-300).

Several simple processes, such aspreconditioningtheliquidresins
and hardenersprior tocureor after curing, may beusedtoreducetheamount
of outgassed material. With the solvent-less coatings, volatiles may be
removed by evacuating the resin and hardeners separately at elevated
temperature using arotating evaporator. Thisrelatively inexpensive equip-
ment continuously rotatestheliquidresin producingthinlayersand exposing
alarge surface area to vacuum. Low-molecular-weight species vaporize
and condense in a second chamber that is cooled (Fig. 4.38).

To water aspirator or to vac pump
with cold trap

Cold bath Hot bath

Suggestions for cold bath:
1. Dry ice and acetone 2. Ice water 3. Circulating tap water

Figure 4.38. Diagram of a laboratory model roto-evaporator.
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Preconditioning may also consist of postcuring a coating for a
prolonged period of time in an inert ambient or under vacuum. The
effectiveness of this approach was demonstrated by Thorne et al.[84
Postbaking a silicone insulating varnish and RTV silicones at an elevated
temperatureor for extended periodsof timeresultedin significant reductions
intheamount of outgassing (Figs. 4.39 and 4.40). Outgassing dataaregiven
for numerous organic materials in NASA Reference Publication 1124,
Outgassing Data For Selecting Spacecraft Materials, Revision 4, June
1997.

General purpose insulating varnish
(cured 12 hr @ 135°C)

2.0

% Weight Loss

General purpose insulating varnish

1.0 (step cured to 16 hr @ 200°C)

0.5

0 ] I
15 30 45 60

Hours @ 100°C, <10°® torr

Figure 4.39. Reduction of outgassing from a silicone varnish on increased
temperature baking. 8

The unigue high-purity properties of the parylenes and silicones
have made them especially useful asconformal coatingsfor space applica-
tions. Parylene pellicles and parylene-coated parts have been used in the
Space Shuttle, Hubble Telescope, Mars Global Surveyor, and many other
satellite programs. Other proprietary coating formulations of acrylics,
polyurethanes, silicones, and epoxies have passed the NASA outgassing
requirements and arelisted in NASA-RF1124.
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1.50 |-
1.2 General purpose RTV (cured 1 day/RT)
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S 1.00
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@ 0.75
2
® General purpose RTV (cured 7 days/RT)

0.50

Clear encapsulant (cured 4 hr @ 65°C)

0.25

Clear encapsulant (cured 18 hr @ 65°C)

1
10 20 30 40
Hours @ room temperature and <10-%torr

Figure 4.40. Reduction of outgassing from RTV silicones on extended cure.[8!

4.13.3 Atomic Oxygen

Inlow Earth orbital (LEO) space environments, organic materials
must al so beresi stant tomonatomic oxygen and ultraviol et radiation. Atomic
oxygen can physically erode and chemically oxidize the surfaces while
ultraviolet radiation can discolor and physically degrade the surface or the
entirecoating. NASA-TP-1999-209260 providesmaterial sel ection guide-
lines to limit atomic oxygen effects on spacecraft surfaces.

4.13.4 Flammability

Flammability of materialsisanother key concern of NASA, espe-
cialy for manned spacecraft. Extensive testing of tens of thousands of
polymeric materials has been performed by NASA and its contractors and
adatabase (MAPTIS) of flammable and nonflammable materialsis avail-
able from Marshall Space Flight Center. Most aerospace-grade electrical
wire insulation is nonflammable, but may still present arisk due to other
factorssuch aspoor flexibility and poor cut-through resistance. Teflon, for
example, haspoor cut-through resi stancewhile polyimide hasapropensity
toarc. Flammability isaugmented in oxygen-rich ambients. The prevalent
use of COTs (Commercia Off-the Shelf) wire and cable insulation is of
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concernwherethereisarisk in using commercial insulation coatings such
as PVC, polyethylene, polyamides, and chloroprene that are considered
flammabl e for manned spacecraft. However, flammableinsulation may be
acceptableonwiresin external payloadsthat are not powered.[82 All flight
hardwarenow usedin NA SA manned spaceprogramsmust comply withthe
requirements of NASA-STD-6001, Flammability, Odor, Offgassing and
Compatibility Requirements and Test Procedures for Materials in
Environments that Support Combustion. Test #4 of this specification
providesdetailson conducting flammability testsfor el ectrical wireinsula-
tion.

4.13.5 Sterilization and Decontamination(®3l

A key objective of the space program is to probe the surface of
Mars, asteroids, and other extraterrestrial bodiesfor living organisms. The
issueishow to assurethat, inremoving and analyzing sampl es, microorgan-
isms are not in fact introduced from Earth-contaminated hardware. Thus,
considerabl e efforts have been spent on methods for cleaning, decontami-
nating, and sterilizing, not only theel ectronic subassembliesand assemblies,
but the entire spacecraft prior to leaving the Earth’ s atmosphere.

The sterilization of spacecraft for planetary missions, particularly
for the Mars mission, is considered important in obtaining an unequivocal
understanding of the origin of life. Planetary landings have to be isolated
from contact with viable Earth mi croorgani smsto prevent uncertainty about
the results of experiments and to determine if viable organisms exist or
existed on other planets. Thus, sterilization and other bioburden reduction
procedures impose yet another requirement on materials and components
destinedfor spaceuse. M aterial smust withstand thesterili zation procedures
without physical or electrical deterioration within certain specified toler-
ances. To qualify for NASA approval in the early missions of the 1970s,
material shad to remain stable after ethylene oxide or thermal exposure, the
two key sterilization procedures at that time. Surface decontamination
entailed exposing the component to six separate cycles of ethylene oxide/
Freon mixture. Each cycle consisted of exposure to a mixture of 12%
ethylene oxide and 88% Freon 12 at 50% rel ative humidity and 50°C for 30
hours. Some coatings and plastics were seriously damaged by the Freon
solvent portion of the ethylene oxide mixture, particularly silicones that
swelled and pol ysul fidesthat softened and flowed.[84183] | nternal sterilization
wasaccomplished by thermal exposure: anadditional six cyclesof 92 hours
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eachcycleat 135°C. Detail sof thedry-heat sterilization and ethyleneoxide-
decontamination procedures were given by Kalfayan.[!

Today, sterilization remains a key requirement for most NASA
space missions, but the sterilization procedures have changed somewhat.
Ethylene oxide is no longer used and the dry-heat conditions have been
reduced. The temperature rangeistypically between 110° and 125°C at a
relativehumidity bel ow 0.2%. Thefollowing equation givesthe duration of
the process, t, in hours needed to achieve a 10 reduction in bioburden asa
function of T, the minimum temperature achieved at the high end in the
process for the range of temperatures between 110° and 125°C.

Eqg. (41) t=5x1005-T/21

Individual missionsarenow dividedintofivecategoriesaccording
tothelikelihood of contamination and thelevel of concern associated with
possible contamination of the target.[®”) For example, the Mars Lander is
considered to have a very high probability of contamination because the
lander will beinintimate contact with the Martian surface and atmaosphere,
andthelevel of concernthat contaminationwill occur ishigh becauseof the
possibility of past or present existence of life on Mars.

Categories| through IV apply to missionswhereforward contami-
nation, bringing life from Earth to another body, is possible. Category |
missions have no planetary protection reguirements and apply to missions
havingvirtually nobiological contaminationconcern, suchasmissionstothe
Sunor Mercury. Category || missionshaveminimal biol ogical concernsand
also have no bi oburden reduction requirements; however, they arerequired
to develop a planetary protection plan and follow that plan. Categories|l|
and IV apply to missions with substantial biological interest or where
contamination of atarget with high biological interest is likely to occur.
Category |11 appliesto missionswithout direct contact withthetarget, while
Category IV appliesto those having direct contact. Category |V isfurther
divided into subcategories A and B. Category 1V-A missions have landers
or probes without any life detection experiments, while Category 1V-B
missions havelife detection equipments.

TheViking Mars Landersof 1975 set the current standardsfor the
Category |V missions. Each lander wasto havelessthan 1 in 1000 chance
of contaminating Mars. In order to meet thisspecification, thelanderswere
first hand cleaned with alcohol wipes until fewer than 300,000 spores per
lander and fewer than 300 culturable bacterial spores per square meter of
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the surface of each craft were measured. This level of contamination
representsthe current Category |V-A requirement. Next, the landerswere
subjected to aNASA certified process known to reduce the bioburden by
a factor of 10* so that the landers then each had fewer than 30 viable
organismspresent per landing event. Thislevel of sterilizationrepresentsthe
current Category |1V-B requirement. A Category V mission isonethat will
return to Earth and whererever se contamination, the bringing back of alien
lifeto Earth’ shiosphereispossible.[8]

A missiontoreturn samplesfromMarsisnow intheplanning stage
at Jet Propulsion Laboratory. Planetary protection includes the control of
terrestrial microbial contamination associated with robotic space vehicles
(such as the Mars Exploratory Rover) intended to land, orbit, flyby or
otherwisebeinthevicinity of extraterrestrial bodiesand control of contami-
nation of the Earth from bioorganisms collected and returned. If the
existenceor non-existenceof living organismsonMarsisto beproven, then
all probes, robotics, and spacecraft landing on Mars must be sterilized to
assurethat any organisms detected cannot be attributed to have comefrom
Earth.

Plastics constitute the largest single class of insulating and protec-
tive materials used in electronic packaging for spacecraft. A typical
€l ectronic assembly may containawidevariety of polymeric materialsinthe
form of coatings, adhesives, encapsulants, and laminates. Although the
polymer resin itself may be non-nutrient and stable to the sterilization
conditions, other ingredients in the formulation—plasticizers, catalysts,
EXCess curing agents, uv stabilizers, pigments, fillers, and solvents—may
harbor microorganisms and may not be able to withstand the sterilization
conditionswithout degradation.

The basic polymer or the additives may be subject to partial or
compl etedecomposition at thedry-heat sterilization temperatures. Organic
coatingsdeteriorate and discol or to varying degreesupon thermal steriliza-
tion. Thethermal sterilization of several circuit board assembliesat 135°C,
thetemperatureoriginally used, showed several failuremodes, oneof which
wasthediscol oration of apolyurethaneconformal coating. Althoughthis, in
itself, would not affect the el ectrical functioning of themodule, it couldrisk
long-term reliability through subsequent corrosion or outgassing. Other
failures such asthe charring of polystyrene capacitorsand electrical opens
inthewet el ectrolytic tantalum capacitorswere catastrophic.!® (SeeTable
4.12.) Coating types having low thermal stability such asthe polystyrenes,
whose maximum servicetemperatureisapproximately 85°C, should not be
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used. Coatingssuch asepoxiesand polyimideswith highthermal stabilities
have been found satisfactory. Kalfayan®! eval uated several wire enamels
and found that the polyimide enamels best withstood both thermal and
ethylene oxide exposures.

Table 4.12. Effects of Thermal Sterilization on Electronic Subassem-

blies!84l(8]

Subassembly System Usage Effectsof Thermal Sterilization
Polyurethane conformal coating and
filleting mater_id diSC(_)Iored; _tantd um

Voltage Regulator Computer wet electrol ytic capacitors failed;

function within tolerance after six
cycles; thermd conductive adhedve
bond to power transistor separated.

Electronic Power
Switch

Flight Control

Polyurethane conformal coating and
filleting materid discolored;
insulation resistance increased;
function within tolerance after 3.679
hr poststerilization operation.

Servo Amplifier

Flight Control

Polyurethane conformal coating and
filleting materid discolored;
insulation resistance increased.

Power Supply and
Regulator

Flight Control

Polyurethane conformal coating and
filleting materid discolored;
insulation resistance increased; 10 of
17 tantalum wet electrolytic
capacitors faled ; one polystyrene
dielectric capecitor charred; two
zener diodes partialy shorted.

Electronic Switch and
Sync Signal Demod

Flight Control

Visible cracking of potting material;
intermittent electricd discontinuities;
physical-stressfailure of transistor;
solder-lead separation; cracked
printed-circuit connector.

Electronic Switch-roll
Control

Flight Control

No visible effects function within
tolerance after six cycles.

Discoloration of CPC chipsand

Ref Signal Generator gﬁ?égﬁtégn and fiberglass circuit board; function
within tolerance after six cycles.
Discoloration of CPC chipsand
S fiberglass circuit boards; two of five
400 Hz Amplifier gﬁ;’égﬂtclgn and tantalum wet electrol ytic capacitors

failed, causing secondary failure of
three transistors.
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4.14 COATINGS FOR AUTOMOTIVE
APPLICATIONS

Astheusageof electronicsinautomobilesincreases, theprotection
of these electronics to assure reliable performance under very harsh
environmentsiscritical. Threegeneral environmentsarewell knowninthe
automotiveindustry:

* Passenger compartment
* Under the hood
* On or near the engine

Of these, thel east severe ambient occursin the passenger compart-
ment while the most severeis on or near the engine. Temperaturesinside
the car can range from -40° to 85°C and rel ative humidities can vary from
near 0 to 100%. Water can condense on €l ectronic surfaces and, combined
with water-soluble contaminants, can cause momentary malfunctions and
ultimately catastrophicfailures. Generally, electronicsinsidethevehicleare
not coated because of the sparsity of proven failures due to unprotected
circuits and the added cost of coating. However, this situation is changing
with the increasing use of sensors, advanced devices, PCBs having finer
conductor linesand closer spacings, and theuseof thin-filmmetallization—
al of which are more susceptible to corrosion and transient electrical
effects. Where organic coatings are used, those that meet the industry
conformal coating specifications, such asacrylics, polyurethanes, epoxies,
and silicones are the favorites. Silicones, because of their high thermal
stabilities are used in the near-engine circuits, while polyurethanes and
epoxies are used for passenger compartment electronics. Applications
include sensor circuitsfor aid in parking, belt-locks, side airbags, and the
central locking mechanism. Schenectady-Beck’ sBectron PK43, apolyure-
thane, is used to selectively coat a portion of an airbag electronic module
installed in the sidedoor of an automobile.[8]

The under-the-hood environment is much more severe than the
passenger environment. The maximum temperature there can reach 105°C
and temperatures can rise quickly from outdoor freezing to super hot.
Concurrently, theel ectronicsmay beexposedto corrosivematerial sinclud-
ing gasoline, motor oil, antifreeze, battery acid, brakefluid, and numerous
road contaminants. For thisenvironment, thin conformal coatings may not
suffice as adequate protection. Thick coatings or coatings combined with
encapsulants or potting compounds are generally required. Silicones and
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epoxies are favored because of their high temperature and chemical resis-
tances.

An even more severe environment exists on or near the engine
wheretemperatures may reach 125°C and where extremely rapid tempera-
ture changes occur. Electronicsin this environment must be protected by
potting with very high temperature resistant materials such assilicones.[*”!

Even harsher environments occur near the exhaust manifold and
catalytic converter wheretemperaturesreach 150°C, near the brake system
where maximum temperatures may reach 205°C, and where electronic
modules, if used, are exposed to hydraulic oil and greases.

4.15 COATINGS FOR ELECTROMAGNETIC
INTERFERENCE (EMI) SHIELDING AND
ELECTROSTATIC DISCHARGE (ESD)

Metal-filled electrically conductive organic paintsand coatingsare
used on electronic chassis and enclosures to absorb and attenuate el ectro-
magnetic energy, thus, shielding theinternal electronics. Electrically con-
ductive coatings are al so used to dissi pate €l ectrostatic charges (ESD) that
build up on plastic or glass parts, to ground surfaces, and to prevent corona
discharge. Conductivecoatingsallow static chargesto bedistributed evenly
over the surface and allow charges to be bled off to ground. Generally, a
surface resistance of <10° ohm/sq is required, but the most effective
compositions have surface resistances of 0.03 to 1.0 ohm/sg/mil. Besides
theseelectrical requirements, EMI shiel ding coatingsmust meet acombina-
tion of other requirements among which are:

» Ability to be sprayed or otherwise deposited in uniform
thicknesses of 1to 2 mils.

» Good adhesion to a variety of metal, plastic, and glass
surfaces of which enclosures may consist. Examples of
plasticsused for enclosuresinclude ABS, Noryl”, polysty-
rene, and polycarbonate.

*Noryl® is a registered tradename of General Electric.
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» Rapidroom-temperatureor |low-temperaturecureor dryin
areasonable time of 30 to 60 minutes.

* Noncorrosive, especially to aluminum under salt fog and
humidenvironments.

» Abrasion resistant.

* Resistant to jet fuel (JP4), hydraulic fluids, oils, and
greases that may be encountered in aircraft applications.

» Electrically stable at temperature extremes.

Therearenumerousone-part and two-part EMI/ESD compositions
on the market that can be cured or dried at room temperature or cured at
moderatetemperatures. M ost of thecompositionsaresprayableor brushable.
Polymer binders include acrylics, polyurethanes, epoxies, silicones, and
blends such as vinyl-acrylics and acrylic-urethanes. Fillersinclude silver,
copper, silver-plated copper, blendsof silver and sil ver-plated copper, nickel,
and ferrous metals. Table 4.13 presents properties of some commercially
available EMI coatings.

Commercia applicationsof coatingsfor bothEMI and ESD include
plastic enclosuresfor notebook and desktop PCs, routers, servers, medical
electronics, and telephone handsets. With the proliferation of wireless
electronicdevices, EMI shielding hasbecomecritical totheir performance.
Wireless transmitters and transceivers radiate electromagnetic signals.
Emissionsresult from both el ectric and magneti cfiel dssurrounding current-
carrying conductors or wires. These signalsradiate into surrounding areas
and couple with nearby signal lines, cables, and other conductors. Even
though PWBs and PWASs can be designed to minimize or avoid EMI, it
becomesincreasingly difficult asfrequenciesincreasebeyond 800 MHz and
into the GHz regions in which most wireless devices operate. At high
frequencies, thewavel engthsare so short that many circuit conductorshave
lengths that make them act as efficient quarter- or half-wavelength anten-
nas. Thus, enclosureswith EMI shielding become essential [

MIL-HDBK-263 (ESD Control Handbook for Protection of Elec-
trical and Electronic Parts, Assemblies, and Equi pment) providesguidelines
for thedesign and appli cation of material sand methodsto obviateor mitigate
electrostatic effects. The EMI shielding effectiveness of a commercial
silver-plated copper/acrylicformulationisshownin Fig. 4.41, asanexample.



Table 4.13. CHO-SHIELD* Coatings for EMI/ESD Shielding

Surface
_ ®
CHO SHI.E.LD Metal Po_lymer Applications Properties Resistance, Useful Te;m
Composition Filler Binder . Range, °C
ohms/sg/mil
) . Antistatic protection,
4900 Silver Acrylic grounding surface One-part spray 0.05 -54t0 93
. . Antistatic useon ABS, One-part spray high solvent .
4914 Nickel Acrylic Noryl and polyester resistance 2.0 54 to 85
Effective on ABS, Noryl, One-part RT curing,
4916 Nickel Acrylic polystyrene and poly- provides 40-50 dB EMI <1l.0at 2 mils -5410 85
carbonate shielding
Corrosion resistant Three-part system, stableto
2001 Copper Urethane conductiveflange jet fuel, hydraulic fluids, 0.1 -65 to 85
coating high abrasion resistance
EMI, antistatic, corona Two-part, spray or brush,
596 Silver Epoxy shielding, use on glass or RT or heat cure, 6080 dB 0.06 -65 to 125
N attenuation at 30 MHz to 1 '
plastic GHz
Silver- Resistant to harsh Two-part system, RT or
610 plated Epoxy . ' 0.15 -65 to 125
environments heat cure
copper
. Poly- One-part spray, good )
4076 Nickel urethane adhesion to most surfaces 0.5 541085

(cont’



Table 4.13. (cont’'d.)

CHO-SHIELD® | Metal | Polymer - . Surface Useful Temy
Composition Filler Binder Applications Properties Resistance, Range, °C
ohms/sg/mil ’
EMI shielding of
commercial electronic One-part, Non-aqueoLs,
Silver- products such as spraygblé abrazqon
2052 plated Acrylic computers, r_outers resitant, adheres well to 0.04 @ 2 mils -40 to 100
copper servers, medical plastics
electronics, and
telephone handsets
EMI shielding of
commercial electronic
Silver- Acrylic- products such as One-part, water based,
2054 plated computers, routers, low VOC, sprayable, 0.03@ 1.5 mils -40to 75
urethane . )
copper servers, medical adheres well to plastics
electronics, and
telephone handsets
Blend EMI shielding of
of commercial electronic
silver products such as One-part sprayable
2056 and Acrylic computers, routers, system, adheres wdl to <0.03 -40 to 100
silver- servers, medical plastics
plated electronics, and
copper telephone handsets
*CHO-SHIELD® is a registered tradename of Chomerics, Div. of Parker Hannifin Corp. (Courtesy Chomerics, Div. of Parker Hannifin Corp..
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Figure 4.41. Electromagnetic interference shielding effectiveness of CHO-
SHIELD® 2056 coating. (Courtesy Chomerics, Div. of Parker Hannifin Corp.)

4.16 COATINGS FOR MEDICAL APPLICATIONS

Understandably, coatingsused for medical applications, especially
onor inthebody, must meet very stringent requirementsand in most cases
must be approved by the Food and Drug Administration. Among these
requirementsare;

» High purity and inertness of the coating material. The
coating should not produce or release any by-products
such as catalysts, plasticizers, or solvents or other mate-
rials that may betoxic or corrosive.

» Biocompatibility and biostability. The coating material
must be compatiblewith body fluidsandtissuesand must
not degrade, soften, lose adhesion, or flake on long expo-
sureto the body environment. If used in ablood environ-
ment, it must have anticoagulant properties or must be
surface treated to produce anticoagulant properties.
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» Integrity. The coating must be pin-hole free and must
conform to the substrate and coat around and beneath
closely spaced components.

« Uniformlythinandlow weight. Thecoating must beasthin
and lightweight as possible and still performitsintended
function.

Coatings in medical applications are being used in short-term
expendable hardware such as catheters, brain probes, needles, guidewires,
and for long-term appli cations such as pacemakersand defibrillators. They
are aso finding new uses in protecting electronic circuits that control
dispensing of medicines within the body, biosensors, and implantable de-
vices. In all cases, the coating servesto shield the electronic circuits from
body fluids and provide lubricity. The most widely used coatingsfor these
applications are the parylenes and silicones.

4.17 TAMPER-PROOF COATINGS

A unique and specific application for coatings involves tamper-
proofing of electronic circuit boards and assemblies. Secure systems for
military and spaceel ectronicsmust prevent accessto storedinformationand
prevent reverse engineering. Even some commercial and consumer prod-
ucts such as toys and smart cards may require such protection, e.g.,
preventing competitorsfrom determiningacircuit designor thenatureof an
IC chip.

To be effective, tamper-proof coatings must first be opaque to
prevent visual examination and hard enough to prevent microprobing.
Furthermore, they must be difficult to remove by the normal thermal,
chemical, or mechanical meanswithout destroying theunderlying circuitry
and secure devices. Hence, highly cross-linked thermosetting polymer
structures that are resistant to high temperatures are better than linear
thermoplastic polymersthat melt at low temperatures. Polymersthat have
ahigh T, are better than those having alow T,. Adhesion to all surfaces
should be so strong that the coating cannot be separated from the surfaces
without the surfacesthemsel vesbeing destroyedinthe process. Thecoating
should also be formul ated to prevent non-invasive detection methods such
asx-ray and neutron-ray examination. Inadditionto all theserequirements,
any coating or processused must still be compatiblewith the operation and
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reliability of the electronic circuits. Often multilayers of several different
coating materials including ceramics are used in order to achieve all the
desired requirements.

4.18 TEMPORARY COATINGS

Somecoatings, suchassolder or plating resistsand photoresists, are
used temporarily during processing. These coatings are usually used to
shield critical portionsof thecircuitry during subsequent processing, suchas
soldering or laser ablation, or to selectively mask portionsof asurfaceinthe
photofabrication processing of microcircuitsandthin-filmcircuits.

4.18.1 Maskants Used During Soldering or Laser
Processing

Permanent maskants, previously described, are generally used for
PWBsas solder maskantsbut, in some cases, removable maskantsaremore
appropriate. For exampl e, inassembling hybrid microcircuits, inwhichboth
wire bonding and solder attachment processes are used, the soldering
processes are performed first, but the remainder of the circuit must first be
protected from solder splatter and flux residues. Polyvinyl alcohol and
polyvinylacetate coatings provide this protection and are subsequently
removed by dissolvinginwater or alcohol. Urethane/acrylateformulations
that cureon exposureto 365 nm wavel ength radiation may subsequently be
removed either by peeling or dissolving in water.

Intheformation of microviasinpolyimidefilmorinother substrates
by laser ablation, carbonaceous, non-volatil e residues deposit on adjacent
surfaces. Here too, water-soluble coatings such as PV A have been used to
shield adjacent surfaces, for example, inthe processing of Tape Automated
Bonding (TAB) devices.!®

4.18.2 Photoresists

Photoresists are a mgjor class of temporary organic coatings
essential in the fabrication of all microelectronic devices and thin-film
circuits. Advancesin photoresiststogether with optical tools have enabled
the continued shrinking that hasbeen occurring in device dimensionsfrom
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5 umin the late 1960sto approximately 0.1 um today. During this period,
chemists have synthesized unique photosensitive polymers to satisfy the
resolution, light sensitivity, and processing requirementsfor each successive
generation of semiconductor and integrated circuit chips. Concurrently,
physi cistshave optimi zed the opticsand optical tool s. Theprocessby which
photoresists are used to etch intricate and precise lines, spacings, and vias
in metals and dielectrics has been akey factor in the rapid development of
microel ectronicsfrom the early 1960s until today .

Photoresi stsareorganic compositionsconsi sting of radiation-sensi-
tive polymers or polymer precursors together with additives such as
photoinitiators dissol ved in one or more non-agueous or agueous solvents.
They are of two types: those that on exposureto uv light or other radiation
source polymerize or crosslink to form a hardened coating that isresistant
to etching solutions (negative types) and those that on exposureto light or
other radiation source decompose into constituents that are easily washed
away with a developer solution while the remaining coating becomes
hardened and further polymerized by the same developer (positive types).

Negative photoresists were the first compositions used to pattern
semiconductor devices and thin-film microcircuits and still comprise the
largest segment of the photoresist industry because they are also widely
used in the fabrication of PCBs. Early formulations from Eastman K odak
consisted of cinnamic acid estersthat polymerized by afree-radical addition
mechanism on exposureto uv light.[%31-19]

Positive photoresists, first introduced by Azoplateinthe1970s, are
based on an entirely different chemistry than negative resists. Positive
photoresists have replaced negative types for high resolution circuits, but
advances are still being made in the chemistry of the negative resists to
enhancetheir ability to produce very finecircuit features.[®” In general, uv
lightinthe200to450 nmwavel engthisused, with 300450 nmused for most
applicationswhile200—-300 nm deep uv i sused to obtain higher resol utions.
Deep-uv negative resists have been reported to produce 150 nm lines and
230 nm spacings.[°!

Generally, the photoresist isfirst applied over the entire surface of
asubstrate (for example, by spin coating), baked at alow temperature (soft
bake) to remove solvents, then exposed to the radiation source through a
separate mask which may consist of either a Mylar film or a glass plate
having opague and transparent regions corresponding to the image to be
produced. Thismask isreferredto astheartwork, photo-tool, or hard mask.
After exposureto light, the photoresist is devel oped, aprocess by which it
is immersed in or sprayed with a chemica solution that dissolves the
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unexposed portions of the photoresist (in the case of negative resists) or
dissolvestheexposed portions(inthecaseof positiveresists). Theremaining
photoresist may then be hard-baked to render it more resistant to the
subsequently used etching solutions. In using a negative resist, the mask
must have a negative image of the pattern to be produced. Figure 4.42
illustratesthestepsinetchingathinfilmof gold onanaluminasubstrateusing
anegative photoresi st and anegative image mask. The pattern produced is
the opposite of the image on the mask.

Inapositive photoresist, the areasexposed to uv light are degraded
or decomposed and consequently readily dissolved and removed. The
chemistry is such that the remaining (unexposed) areas are hardened and
rendered resistant to etching sol utions simultaneously by the same solution
(developer) that is used to dissolve the exposed areas. Hence, a positive
image on the mask results in the same pattern on the substrate. The steps
inetching metallization using apositiveresist areshowninFig. 4.43. Inall,
four combinationsare possible, depending onwhether apositiveor negative
resist isused with apositive or negative mask (Fig. 4.44). The chemistry of
photoresistsisquitevaried and complex and hasbeen extensively described
innumerousarticlesand books. [E1[%1-101

Besides uv and deep uv, other radiation sources and lithographic
processes are being used to produce even finer dimensions.[*6-%] Among
these are: electron beam lithography (<1 pmresolution), x-ray lithography
(0.02 pm resolution), and ion-beam lithography (<1 pum resolution). The
resol ution of featuresisultimately limited by thewavel ength of theexposing
radiation and the chemistries of the resist materials.[*%d These factors are
critical infabricating semiconductor deviceswhere submicron dimensions
arerequired. However, for PCBswhosegeometriesareontheorder of mils,
uv photolithography isthemost commonly used process. Theseresistsmay
also be negative or positive.[10]

Photoresists are generally liquid compositions that are applied by
spin coating onto circular wafersor, by roller-coating or screen printing on
largepanel sfor printedwiring boards. Theintroduction of dry-film Riston®
photoresists by DuPont in 1968 was a great advance in uniformly coating
large PWBSs, producing finer lines and spacings, and improving yields.
Pinholesand touch-up, previously requiredwiththeliquid photoresists, were
virtually eliminated since the dry-film was processed under clean room
conditions and protected by a polyester support film and a separator sheet
that areremovedjust prior touse. Thedry-filmresististhenlaminatedtothe
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circuit board, exposed and devel oped. Riston photoresistsarenow available
as both negative and positive types having various resolution capabilities
from several milsto below 0.1 mil.

ﬁ'— Gold or other metal
Clean and dry
metallized substrate + Substrate
Spin on negative +~ Negative photoresist
photoresist, dry and
soft bake

UV Light
Expose to uv light
through a negative [ | ]*- Artwork (mask)

Remove mask and

develop by dissolving M « Hardened photoresist
unexposed areas in
suitable solvent
hard bake resist
Chemical etch metal
than remove photoresist

Figure 4.42. Photolithography steps using a negative photoresist.
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Clean and dry
metallized substrate

Spin-on positive
photoresist, dry and
soft bake

Expose to uv light
through a positive
image mask

Remove mask and develop
by dissolving exposed
areas in suitable solvent,
hard bake resist

Chemical-etch metal
then remove photoresist

Coating Materials for Electronic Applications

+ Gold or other metal
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<« Positive photoresist
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| P I | <« Artwork {(mask)
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Figure 4.43. Photolithography steps using a positive photoresist.
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Figure 4.44. Mask/photoresist combinations.
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A recent development isthe deposition of liquid photoresist by an
el ectrophoretic process. This process also permitsthe coating of large flat
panels, but has the added advantage of being ableto coat irregular shapes
and three-dimensional surfaces. A positive-acting photoresist is electro-
deposited from an electrolytic aqueous bath in a fashion similar to the
electroplating of metals. The photoresist consists of positively charged
particles that are attracted to a metallized surface (such as a copper-clad
PWB laminate) that isrendered cathodic through an applied potential of 60
to 100 volts. It is reported that thin uniform coatings of 0.2 mils can be

deposited and can conformally coat all metal surfaces.[1%4
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4.19 POLYMER THICK FILMS

Polymer thick films (PTF), also referred to as inks or pastes, are
treated here as polymer coatings becausethey arebasically filled polymers
that can be screen-printed to producefilmsthat are between 1 and 1.5-mils
thick after curing. Polymer thick films have specific electrical functions
depending on the nature of the filler, and are useful in fabricating printed
circuits, and in protecting electronics from ESD, EMI, and corrosive
ambients. Methode Electronics was among the first companiesto develop
and supply PTFsin the early 1960s and continues to be a major supplier,
although other companies such as DuPont are also active in thisfield.

Like cermet thick films, PTFs are screen-printable pastesthat can
form conductors, resistors, capacitors, and dielectric layers. However,
unlike cermet pastes, PTF pastes contain polymer resins that remain an
integral part of thefinal thick film. Thekey advantage of PTFsover cermet
thick filmsisthat they are processed at relatively low temperatures (95—
165°C), namely at temperatures required to cure the resin. Cermet thick
films, on the other hand, require firing temperatures of 850-950°C to
completely burn off the organic binders, melt the glass frit, and sinter the
ceramic particles together. Because of their low processing temperatures,
PTFs can be applied to plastic substrates such as polyesters, polyimide
(Kapton), and epoxy-glass (such as FR4). They can also be applied to
flexiblesubstratestoformflex circuitry. A further benefit of PTFsisthelow
cost of both material and processing. Polymer thick films have received
wideacceptancein commercial electronics, notably for flexible membrane
switches, touch keypads, automotive dashboard circuits, telecommunica-
tions circuits, and sensors. Other applications include EMI shielding on
PCBs, replacing one or more copper foil/laminate layers, crossovers and
jumpersfor low-voltagecircuits, asafiller for throughholesinlieu of plated
throughholes, heating elements, electrodes for tantalum capacitors, and
carbon-loaded phenalics as variable resistors for potentiometers. With
PCBs, the key advantage of PTFsis that thick-film resistors can be batch
screen-printed, avoiding costsof attaching and soldering discreteresistors.
To complement the PTF conductorsand resistors, diel ectric pastesare al so
availableand useful infabricating multilayer interconnect substrates.

Onthenegativeend, PTF circuitsaregenerally limited to commer-
cial applications, to low-voltage circuits, and to rel atively low temperature
(lessthan 90°C) applications.



Chapter 4 - Applications 371

Polymer thick filmspastesareformulated with threemainingredi-
ents: apolymericmaterial, afunctional material (metal, metal oxides, glass,
or carbon), and asolvent, although someare 100% solidstypes. Thepolymer
matrix of PTFs can be cured at relatively low temperatures, provides
integrity to the film, and provides adhesion to the substrate. A variety of
polymer resin binders may be used. For flexible printed circuits and
membrane switches, thermoplastic flexible polymers such as acrylics,
polyesters, or vinyl copolymersareused. For rigid substratesin addition to
the thermoplastic binders, thermosetting polymers including epoxy and
phenolic may be used.

Thesolventisusedtodissolvetheresinand control theviscosity and
flow properties of the paste so that it can be easily screen printed. The
solvent should have a moderately high boiling temperature to prevent
evaporation during screen printing, yet be completely evaporated during
dryingand curing.

Generaly, PTF pastes are screen printed through 200-280 mesh
stainless steel screens having emulsion thicknesses of 0.5to 1 mil. Thick-
nesses of the wet (uncured) pastes are approximately 1.5 mil while
thicknesses of the cured pastes may range from 0.8 to 1 mil, depending
largely on the size of the screen mesh. Line widths and spacings are
approximately 7-10mils.

4.19.1 Polymer Thick Film Conductors

Thefunctional material in PTF conductor pastesisametal powder
that combineshighelectrical conductivity, good solderability, andlow cost.
Themost widely used metal fillersfor low-resistivity conductorsaresilver,
silver aloys, and copper. Commercially available conductor pastes are
primarily silver compositions though a few silver-palladium pastes are
available. Silver-carbon and carbon fillers are used for medium to high
resistivity conductors. Theamount of filler may rangefrom 60—-80%, but 66—
77% is typical. Cure temperatures range from 95°C for 5-20 minutes to
180°C for 30 minutes, depending ontheformulation, and may beperformed
in either a convection oven or infrared furnace. Curing in air is generally
satisfactory except for some high temperature curing compositions where
circuit materials such as copper may degrade through oxidation. Curing at
temperatures above 250°C for extended times may al so result in decompo-
sition of the polymer matrix and adversely change electrical and physical
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properties of the fina film. In such cases, curing is best performed in a
nitrogen ambient. In general, resistivities decrease somewhat at higher
curingor dryingtemperatures, for example, see Fig. 4.45for DuPont’ s5007
paste.

Resistance, mQ/C1/mil

Figure 4.45. Sheet resistivity vs drying conditions for DuPont 5007 PTF conduc-
tive paste. (Courtesy of DuPont.)

Some silver-based PTF conductors are solderable using conven-
tional tin-lead or tin-lead-silver solders, but the contact timewiththemolten
solder iscritical and must be minimized. Extended contact causes|eaching
of thesilver and loss of adhesion. Accordingly, some PTF suppliersdo not
recommend soldering to their conductors. However, one silver-coated
copper PTF is reported to be solderable.[*%%] Some characteristics of PTF
conductors are given in Table 4.14. The silver-based conductors were
subjected to the environmental testslisted in Table 4.15 and werefound to
change lessthan 10% in electrical and physical properties.[1%!



Table 4.14. Typical Properties for Some DuPont PTF Conductors

Sheet Resistivit Operating

PTF Number Filler % Solids ) y Viscosity, Pa-s Temp. °C CureConditions
MQ/sg/mil max.

5028* Silver 73-79 7-10 2545 20 120°-140°C/5 min
5000* Silver 50.5-52.5 8-14 8-16 70 120°C/8-10 min
5007* Silver 70-74 12-15 2040 70 120°C/8-10 min
5025* Silver 60.3-61.7 8-15 20-30 90 120°C/5-6 min
5089* Silver/Carbon 42-46 50-80 220-260 70 120°C/5-6 min
5524* Silver/Carbon 6672 25-30 200-270 90 120°C/5-6 min
CB230** Silver-coated copper NA 65-75 65-75 125 170°C/30 min
CB200* Copper NA 20-30 75-85 120 160°C/30 min
CB028* Silver 69-71 7-10 15-30 85 160°C/60 min
*Solderability of these conductors is not recommended.
**Solderable.
Note: CB materials are used primarily on circuit boards such as FR4. (Courtesy of DuPont.)
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Table 4.15.Environmental Tests for PTF Silver-based Conductors

Test Test Conditions

Thermal Shock +85°C to -40°C, 30 min each cycle, 5cycles

Dry Heat +85°C, 20 days

Humidity +60°C, 95% RH, 1,000 hrs (M IL-STD-202E, Method 103,
Cond. A)

Salt Spray +35°C, 5% sdlt, 10 days (ASTM B-117)

Silver Migration 1 Vdc/mil gap, +40°C, 90% RH, 500 hrs, tested on 40- and
7-mil gaps

Sulfur Dioxide +45°C, 90% RH, 500 hrsin a9-liter chamber containing
500 mg of flowers of sulfur

(Courtesy of DuPont.)

Conductive carbon-filled PTFs are also available and used as
overprintlayerson silver-conductive PTF and on copper conductors. Asan
overprint on silver-filled PTFs, carbon-filled PTFs offer environmental
protection and protectionfromsilver tarnishingwhilestill maintainingalow
contact resi stance. Sheet resi stancesof variouscompositionsrangefrom 15
to 25 ohms/sg/mil 1197 Asal ow-cost alternativetogoldplating, carbon-filled
PTFs provide protection from oxidation to copper pads and tabs and give
them a hard wear-resistant surface.[1%

4.19.2 Polymer Thick Film Resistors

Polymer thick filmresistorsareformul ated similar to PTF conduc-
torsexcept that, instead of metals, resistivefillersare used asthe functional
component. Resistive fillers consist of carbon or graphite compositions.
Resistor values may be varied by changing the particle size and concentra-
tion of thefiller, the type of polymer binder used, and the cure schedule.
Resistor pastes having sheet resistivities ranging from 10 ohms/sg/mil to
over 1 MQ/sg/mil are commercially available; however, the lower sheet
resistance pastes have much better stabilities. Different sheet resistances
canbeproduced by blending aresistor pasteof relatively low resistivity with
varying amounts of a dielectric paste. Figure 4.46 shows how sheet
resistancesfrom 1kQ to 700 kQ can be abtained by blending DuPont 7082,
acarbon-filled PTF paste, having asheet resistivity of 400 ohm/sg/mil, with
DuPont 3571, a PTF dielectric paste.
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Figure 4.46. Resistivities of blend ratios of PTF 7082 with PTF 3571 (thickness
extrapolated to 10 um). (Courtesy of DuPont.)

Reported Temperature Coefficientsof Resistance(TCRs) are+ 100
to+ 200 ppm/°C for the 100-ohm to 100-kQ resistor pastes, + 500 ppm/°C
forthe1MQ pastes, and + 800 ppm/°Cfor the 10 M Q pasteswhen measured
at 125°C.1"%I Resistor tolerances as screen-printed range from + 10%to +
20% but, after laser trimming, can be reduced as low as + 1%. Power
dissipation is reported to be approximately 5 W/cm?.

Because of their |ow-temperature—curing properties, PTFresistors
may be used on a wide variety of substrates including low-cost plastic
laminate PCBs such as FR-4 epoxy, polysulfone, and phenolic molded
plasticsaswell ashigher cost boards such aspolyimide. In contrast, cermet
resistors can only be processed on ceramic substrates because of the high
temperaturesrequired tofirethem (850°C or greater). Because of their [ow
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processing temperatures and low cost, PTF resistors have found wide
applicationsin automotive sensors. Among the usesare sensorsfor throttle
positioning, windshieldwiper controls, light dimmers, sensorsfor sensingand
measuring fluid levels and pressures, and seat, radio, and cruise control
circuits.

Polymer thick film resistors are not recommended when high
precision, thermally stableresistorsarerequired. Resistanceva uesfor PTF
are much more sensitive to the nature of the substrate than are values for
cermet resistors. Early applications of PTF resistorswere plagued by large
variations in resistance values that occurred during temperature cycling,
elevated temperature burn-in, and aging and were discouraged in military
and high- reliability products. It wassoon discovered that theglasstransition
temperature (Ty) of the substrate had a pronounced effect on resistor
stability. Atand abovethe Ty, themol ecular structureof theplasticlaminate
relaxesand experiencesasharpincreasein expansion. A thermal mismatch
that degrades the resistor both physically and electrically then occurs
between the resistor and the substrate. It is, therefore, important to select
asubstrate that has an expansion coefficient matching that of the resistors
over thetemperaturerangethat thecircuit will be operated andtested. A T
that is higher than any temperature that the circuit will be subjected to is
desirable. Other substrate properties that have been found critical in
achieving reproducible and stable resistance values include low porosity,
high surface smoothness, and absence of moisture, contaminants, and
outgassing products. Still another limitation of PTFresistorsisthechangein
resistance valueswith temperature dueto thethermally induced changesin
the polymer matrix. Cermet resistors on ceramic substrates exhibit much
higher thermal stabilitiesand higher voltageratingsthan PTFresistors. Itis
reported that cermet resistors changelessthan 1% with 1,000 voltsapplied
(200 V/mm) for over 100 hours. Polymer thick film resistors on ceramic
substrates are more stabl e than on printed circuit boards such as FR-4 but,
inboth cases, canonly survive 100 voltsfor 100 hourswith 1-5%resistance
change.[*1% Typical propertiesfor some PTF resistors are given in Tables
4.16 and 4.17.



Table 4.16. Typical Properties for Some DuPont PTF Resistors

Nlljr:]'t:)er Filler Pgﬁg;t Shﬁnlz?g/srtri]\i/lity, Vis;gity, ?gnj;il?g CureConditions
7101 Carbon 35-37 20-30 10 70 120°-130°C/5 min
7102 Carbon 345-37.5 35 (max) 60-125 0 120°-130°C/5 min
7103 Carbon 35-38 35-40 85-125 90 120°-130°C/5 min
7861D Carbon N/A <80 30-100 70 120°C/10 min
7082 Carbon 28-30 400 150-250 90 120°C/10 min
(Courtesy DuPont.)




Table 4.17. PTF Resistor Characteristics

Effectsof Temperature Exposure

Environmental Effects

Characteristics Level of Exposure Typical Result Characteristics Level of Exposure Typical Result
High Temperature o 50 . o +5% Change
Storage 1,000 hrs at 85°C <-5% Change Moisture 1,000 hrs at 45°C (Change Stabilizes)

o o Each substrate yields i
Temperature 55° 10 105°C, 0.5% Change Substrate Standard PC own typical resistance
Cycling 5 cycles
values
Standard solvent . .
;%V: T:mperature 5,000 hrs at -2°C No Change Solvent used for cleaning chgr:gg’iae:/;riss'tt:nece
R PC boards 9
Exposure to Commercial wave Standard lubricants
Sol%lerin solder -1% Change Lubricant for variable No effect
9 resistance switches
Thermal Shock MIL-STD-107 <1% Change
TCR MIL-STD-202, 304 Approx. 250 ppm

(cont'd.



Table 4.17. (cont'd.)

Electrical Properties

Wear Properties

Characteristics

Typical Performance

Characteristics

Typical Performance

Four basic features:
1. Contact design

Resistor Range 0 to 10 MQ Contacts 2. Number of contact points
3. Contact force
4. Materia used for fabrication
Linear or rotary. Contacts can dlide directly c
Resistor Tolerance Sqr eened, +10 10 20% Travel resistive material or on conductive trace com
Trimmed, +1% .
fromit.
Noise Typicaly low; e.g., 10 k/sq= 6 dB Pressure Cycles
Power Rating Up to 5 watts/cr? . ) 5-10 grams 2 million
— Life Cycling
Voltage Coefficient | -.0015%/volt 40-50 grams 250,000 to 500,00
Linearity 2% as screened; 0.5% with special handling 100-150 grams 10,000 to 50,000
Short Term 2.5times rating, 5 seconds, change under . A auitable lubricant will prolong life and
Lubricant
Overload 0.5% enhance performance.
Derating Derateslinearly 70° to 150°C

(Courtesy of Methode Electronics, Inc.)
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4.19.3 Polymer Thick Film Dielectrics

Severa PTFdielectricsarecommercially availablethat may beused
asinsulating layersin fabricating multilayer interconnect substrates or as
overcoatingsfor resistorsand conductors. | nadditiontothe polymer matrix,
these PTFs contain glass, aluminum oxide, or silicon oxidesasfillers. Vias
of 15-20 milsindiameter may beformed by screen printing. Theprocessing
steps and conditions for dielectric PTFs are similar to those for PTF
conductors and resistors, for example, screen printing through a 200280
mesh stainless-steel screen, curing for 30 minutes at 150°-175°C or, if
infrared heatingisused, for 10 minutes. Some compositionsareuv curable.
Volume resistivities are greater than 1 x 10* ohm-cm and dielectric
constants range from 4 to 8 at 1 kHz, depending on the composition.
Breakdown voltages greater than 1,000 V/mil have been reported. Typical
properties for some DuPont PTF dielectrics are given in Table 4.18.

Table 4.18. Typical Properties for Some DuPont PTF Dielectrics

PTE % Didlectric Eziréa\zl:]- Viscosity, O$2rr:t|ng Cure

Solids | Constant Pa-s P- Condition
Voltage max.
371 | 3033 | 45 <500 1 1930 oorc | 120L30°CS
V/mil min
<Sal >1000 approx.
5018 N/A KHz v/mil 35-55 70°C uv curable
(Courtesy of DuPont.)
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Reliability Assurance
and Testing

Themain reasonfor coating el ectronic devicesand assembliesisto
safeguard thereliability of the system; if not properly chosen, applied, and
tested, a coating can also adversely affect reliability. The key elementsto
assurereliability include:

 Initial selection and qualification of the coating for the
intended application.

» Adequate receiving inspection to assure the quality and
reproducibility of thecoating.

» Clearly defined applicationdimensionssuch asthickness,
coverage, and meniscus.

» In-processtestingtoassureproper applicationand curing.
 Final inspectionandtesting.
» A Physicsof Failure (PoF) analysisand corrective active
program.
Reliability is assured by considering it in the initial design, for
example, by assuring the compatibility of al the materials used with the

€l ectrical functioning of thepart and by knowl edgeof and avoiding potential
failure modes and mechanisms that can occur. Also, when failures occur,

387
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aneffectiverdiability and correctiveaction programshouldbeinplace. This
programconsi stsof aplanfor determining thefailuremodesand mechanisms
and taking corrective actions.

5.1 INITIAL QUALIFICATION

For high-reliability military applications, the qualification tests of
MIL-1-46058 have been the mainstay for decades. Although this specifica-
tion has recently been inactivated for new designs, the test procedures and
the specified limits are still valid and useful. Accelerated temperature/
humidity tests are used to measure electrical properties on test patterns
representativeof thecircuit. A Qualified Product List (QPL) isavailablefor
fivemajor polymer coatingtypes. Although military environmentsarequite
strict, therequirementsfor other products, even somecommercial products,
may be even more severe. Hence, MIL-1-46058 has been used as a basic
specification, with superimposed testsfor the application-specific require-
ments. For exampl e, thequalificationfor spaceapplicationsmustincludethe
added requirementsof high vacuum, outgassing, atomic oxygen, andradia-
tion. Theautomotiveindustry also hasitsown qualification criteriabecause
of harsh under-the-hood, near-engine environments. Qualification and
performance of conformal coatingsfor printed circuit assemblieshave also
been addressed by the IPC in IPC-CC-830A!* and IPC-HDBK-830.12
Quadlificationtestsfor depositedinterlayer dielectricsfor multichipmodules
aredefined in |PC-DD-135!3! and qualification of solder maskantsin | PC-
SM-840C [

5.2 RECEIVING INSPECTION

Oncequalified and approved for use, each batch of coating material
shouldbeprocuredto meet aspecificationthat assuresitsreproducibility and
quality. Viscosity and percent solids (for a solvent-based system) are two
relatively easy, low-cost tests. Inthe past, some suppliershhave been known
to make what they considered small changes in the formulation without
notifying the user. For example, substitutions have been made for thetype
of solvent, diluent, or hardener; any one of which could affect adhesion,



Chapter 5 - Reliability Assurance and Testing 389

curing conditions, and the ultimate physical and electrical properties. To
assure that no changes have occurred in the chemical composition of the
coating, aninfrared spectrum of asmall sample can betaken and compared
with the infrared spectrum that was originally run at the time the material
was qualified. Any shiftsin absorption bands or appearance or disappear-
ance of absorption bands in the IR spectraindicate chemical changes due
toalteration of theoriginal formulation.

5.3 IN-PROCESS INSPECTION AND
TESTING

The reliability of coated assemblies also depends on monitoring
processing conditionssuch as cleaning and drying, curing temperature and
time, clean room conditions (temperature, humidity, and particulates),
thickness, and coverage. Test patterns can be processed prior to or at the
same time as the production lots and withdrawn at critical process stepsto
measure, for example, adhesion, thickness, and toinspect for discol oration,
blistering, dewetting, or other flaws. I nsul ationresi stance patternsmay al so
be used for quality control of cleaning, drying, and coating processes by
measuring the surface insulation resistance (SIR) of closely-spaced con-
ductor traces. The SIR patternsrangefrom simpletrumpet Y patternstothe
moredetailed | PC-B-25 patterns™ used for printed circuits assembliesand
to the very fine-lineinterdigitated comb patterns on silicon chips used for
thin-film microcircuits (cf. ATC and Moisture Sensor chips described in
Sec. 5.8.3).

5.4 FINAL INSPECTION AND TEST

Final inspection of coated modulesconsistslargely of visual inspec-
tionat 10-30times magnification. M ost coatingsareformul ated withasmal
amount (0.1t00.5%) of afluorescent dyeindicator. Inspectionunder uv light
discloses areas that have been left uncoated, but generally cannot detect
pinholes or small uncoated areas. |nspection criteriafor conformal-coated
printed wiring assemblies are found in MIL-C-28809%! and | PC-A-610.1"]
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Besidesfinal visual inspection, nondestructive screentestsand, on
a sampling basis, destructive physical analysis (DPA) tests can be per-
formed on coated modules or on test coupons prior to shipment. Such tests
may include accelerated thermal exposure, temperature cycling, thermal
shock, mechanical shock, and temperature/humidity exposurefollowed by
electrical measurements.

5.5 RELIABILITY PREDICTION

There is no simple method or equation to calculate the long-term
reliability of a coating or of a coated electronic part, especially under
combinedthermal, mechanical, humidity, el ectrical stresses, and sometimes
under other environments such as contamination and radiation. Neverthe-
less, for specific stress-related failure mechanisms such as those that are
temperature-dependent, by plotting thetime-to-failure or thetimerequired
for 50% degradation (median life) of a selected critical property at several
elevated temperatures, it is possible to extrapolate data to obtain life
expectanciesat lower operating temperatures. The Arrhenius equation and
variations of it provide modelsfor such accelerated aging. By plotting the
degradation of aselected parameter such astensile strength, elongation, or
flexibility asafunction of several el evated temperaturesand cal culating the
activation energy, it ispossible to cal culate rates of degradation reactions.
In a real situation, however, temperature is not the only stress factor.
Generally, electronic circuits, during storageand operation, must withstand
simultaneous variations in temperature and humidity under conditions of
powered or non-dissipating bias. To accel erate these conditions, the 85°C/
85% RH or the HA ST stress conditions, with or without electrical bias, are
widely used in predicting life expectancies of plastic-encapsulated elec-
tronic parts. Fromhiswork at BT L abs, Sinnadurai devel opedthe S-H model
for damp heat accel eration of aging and cal culated the life expectancies of
plastic-encapsulated devices (PEDS) at 20 years for various temperature-
humidity environments from HAST testing at 108°C/90% RH.!® For
example, PEDswould haveto survive 2,000 hoursof HAST at 108°C/90%
RH to be equivalent to 20 yearsin asevere tropical environment of 35°C/
90% RH.[9

An understanding of the potential failure modes and mechanisms
that can occur during various exposures can be of practical use to avoid
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potential failures. Hence, abasic understanding of material propertiesand
the interactions of materials with each other and with electronics are
important in predicting their behavior under operating conditions. Acceler-
ated tests and stress testing to failure followed by DPA are useful in
characterizing potential failure modes and mechanisms, in comparing the
performance of several systemsunder the same conditions, andinselecting
an optimum set of materialsand conditions.

The (PoF) analysis approach!19-112 for design and assessment of
electronic hardware has been the focus of intensive studies at the CALCE
Electronic Productsand Systems Center, University of Maryland. The PoF
approach is based on the understanding that failure of electronic hardware
arises because of fundamental thermodynamic aging/degradation pro-
cesses that are related to the construction (geometry and material) of the
hardwareandtothelifecycleloading conditions(physical stresses) that the
hardware experiences.[*®! Knowledge of these aging and failure processes
allows for proactive consideration of reliability in the design process and
establishes a scientific basis for evaluating new materials, structures, and
electronics technologies. Physics of failure encourages innovative,
cost-effectivedesignthroughtheuseof realisticreliability assessment. Key
steps of the PoF approach include:

» Estimatingthestressesat potential failuresites, caused by
life-cycleloading conditions. Thisincludeschemical, elec-
trical, physical, mechanicd , structural, andthermal stresses.
The stresses can be estimated either by computer-aided
modeling andsimulation of theproduct or by measuringthe
stressvalueson representative hardware, using appropri-
ate sensors.

* ldentifying potential failure mechanisms(e.g., chemical,
electrical, physical, mechanical, structural, and thermal
processesleadingto failure), failure sites (e.g., die, com-
ponent package, component i nterconnects, board metalli-
zation, and external connections), andfailuremodes(e.g.,
electrical shorts, opens, or deviationsthat result from the
activation of failuremechani sms) expected becauseof the
identified stresses.

* ldentifying the appropriate failure models for each rel-
evant failuremechanismandsite, includinginputsassoci-
ated with material characteristics, damage properties,
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relevant geometry at failure sites, manufacturing defects,
and environmental and operating |oads.

» Determining the variability for each design parameter
when possible.

» Estimating the effectivereliability metrics (such astime-
to-failure and failure-free operating periods).

» Accepting the design if the estimated time-to-failure
meets or exceeds the requirement.

The PoF approach has been demonstrated to identify design
deficiencies, to improve designs, to establish effective accelerated stress
tests and screens, and to assess the remaining life of the hardware.[14[1%]

5.6 FAILURE MODES AND MECHANISMS

M ost failure modes associated with electronic devices and equip-
ment have beenwell characterized and documented.!® Thissection covers
thosefailuresand failuremechani smsthat aremost directly associated with
the coating and the coated el ectronic assembly.

5.6.1 Visual Defects

Defectsthat are visiblein coatings immediately after application,
after drying and curing, or that occur after exposure to accelerated
environments are indicationsthat the coating will not perform itsintended
function. A discussion of these defects follows.

Blister s and Bubbles. Blisters or bubbles may form in a coating
or solder maskant immediately after curing or on subsequent moisture
exposure. Blistering, also referred to asvesication, ismost likely the result
of moisture entrapment, or worse still, of moisture combined withionic or
non-ionicresidues. Epoxy and polyimidecircuit board laminatesespecially
can absorb and retain large amounts of moisture. Furthermore, epoxy,
polyimide, and other polar substrates have an affinity for salt-like contami-
nantswhich are hygroscopic, absorbing even more moisture. Fingerprints,
for exampl e, contain salt residuesand, if not removed prior to coating, cause
blistering especially onhumidity exposure. Thus, moi stureand sol ventsmust
bethoroughly removed by drying or vacuum baking apart before acoating
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isapplied. Cleaning printed wiring boardsor plasti c-encapsul ated modul es
withwater, although desirablefrom an environmental and economic stand-
point, runstherisk of water absorptionanddifficulty initsremoval. Toavoid
blistering, solvent-based coatingsshould beappliedinthinlayersand should
be thoroughly dried or vacuum baked to assure the removal of solvents.

Dewetting. Thecoating may not wet and adherewell to all surfaces
to be coated due to the inherent nature of the surface or to surface-tension-
altering residues such asgreases, oils, and other contaminantsthat have not
been completely removed. Surfaces such as fluorocarbons (Teflon) and
silicones have low surface tensions, and thus do not wet or adhere well to
other coatings.

Flaking and Cracking. Flaking and cracking are the result of
stresses, embrittlement due to overcuring or runaway temperatures during
cure, or large differences between the expansi on coefficients of the coating
and the substrates. Cracking of a cured coating generally occurs because
of shrinkage during polymerization or rapid solvent evaporation from a
solvent-based coating. Figure 5.1 shows the extensive cracking that oc-
curred after solvent evaporation from asilicone coating. The cracking and
stresses were so extensive that they severed several interconnect wires.

Figure 5.1. Integrated circuit showing wire breakage due to shrinkage stresses
after coating with a silicone varnish.
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OrangePeelingor M ealing. Orangepeel, alsoknownasmealing,
isaform of delamination or blistering that covers alarge areaand follows
apattern tracing theirregularities of the surface or beginning at the edge of
the substrate. Mealing can be caused by applying too thick a coating, by
trapped solvent or contaminants, or incorrect drying or curing conditions.

Discoloration. Discolorations may or may not be serious. Most
slight discol orationsdo not affect the el ectrical or mechanical propertiesof
acoating. For example, inreworking by soldering through polyurethane or
acrylic coatings, somelocalized discol oration occurs, but isnot considered
serious. However, charring of acoating indicates extensive decomposition
usually due to high-temperature exposure that causes carbonization of the
coating. Thecharred or carbonized areascanbeareliability risk, sincebeing
electrically semiconductive can result in leakage currents. In these cases,
either lower temperatures must be used during subsequent processing or a
higher-temperature-stable coating should be used.

Thickness and Edge Coverage. Uniform thickness and com-
plete edge coverage are essential for near-term and long-term reliability of
thecoating. If toothick acoatingisappliedinasinglestep, several potential
reliability problems can arise, for example, stresses and cracking can
develop on curing. Thick layersof solvent-based coatingsarealsolikely to
entrap solvent during curing or drying, causing subsequent blistering. Thick
moisture-cured polyurethanes are a so known to blister. Thick sections of
air-curable polyurethanes generate a surface appearance called “alligator
skin” that slowsdown or preventsthe deeper portionsfrom curing. If thick
layersof asolvent-based coating arerequired, itisbest to apply several thin
layers with curing or drying between depositions to facilitate solvent
removal. If athick coating must be deposited in one step, it isbest to usea
100%-solids coating. To achievea100% solids coating and still maintaina
moderateviscosity, solventsmay berepl aced by reactivediluents, especially
in the case of epoxies.

If too thin acoating is applied, sharp edges may not be completely
covered, providing sites for stress corrosion. One must be particularly
careful in using solvent-based coatings since a thinning occurs at sharp
edges and at 90° corners. If edges can not be avoided in the initial design,
they are best protected by applying athick coating or applying athick coat
in several thin layers. Coatings are available that are formulated with
thixotropicadditives, suchassilicapowder, to control their flow properties.
Only parylene coatings, because they are applied by vapor deposition, are
ableto completely coat all surfaces with extremely thin coatings.
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5.6.2 Moisture and Contaminant Effects

With all plastics, ionic contaminants together with the moisture
containedin coating materialsor penetrating throughthe coatings, constitute
the greatest reliability risk for both semiconductor devices and assembled
circuits. Unprotected electronic assemblies exposed to accel erated humid-
ity and temperature generally fail because of moisture penetration that,
together with ionic residues, cause degradation of electrical insulation
properties, electrical shortsor opens, and chemical corrosion. Failuresmay
occur by electrochemical corrosion, metal migration, or both.[ Inall cases,
theratesof reaction are accel erated by the presence of an electrolytewhich
may consist of a plastic or ceramic surface having absorbed or adsorbed
water. Highly polar polymers that contain water and contaminants are
excellent el ectrolytes.

Themany reactantsthat areusedinthesynthesisof aresin, catalyst,
or hardener may produce ions which, unless special steps are taken to
removethem during or after their synthesis, remain and arecarried over into
thefinal cured coating. Asan example, over twelvestepsarerequiredinthe
synthesisof most diglycidylether-Bisphenol A (DGEBA) epoxiesand both
sodiumand chlorideionsaregenerated fromthesodium chlorideby-product.
Chlorideion concentrationsfrom commercial -grade epoxiescan beashigh
as 600 ppm. lonicimpurities may a so be generated from additivesused in
formulations such asfillers, fireretardants, and flow-control agents. Glass
fillers,inparticular, can beamajor sourceof sodiumions. A third source of
ion contaminants arises from metal or glass kettles, mixers, and other
equipment used in processing the resins. It has been shown that epoxy
coatings mixed in metal containers acquire trace amounts of the metal.

In addition to inherent ionic impurities, reactive outgassing prod-
ucts can evolve from plastics under ambient conditions, but more so upon
thermal agingor irradiation. Inearly work, the outgassing of ammoniafrom
certain amine-cured phenolic compoundsand theammonia sconversionto
ammoniumionsinthe presence of moisturewasreportedto causeinversion
layers and an increase in leakage current in microdiodes.!'® Katsev, et
al.,[*% also reported on the del eterious effects of ammoniaand other amine
compounds on transistors. The detrimental effects of other outgassing
products such as benzene and carbon dioxide have also been reported.[?°)
The collector-to-base current (1 .gp) for bare chip transi storswas measured
while the transistors were reverse biased and exposed to benzene vapor,
moisture vapor, and carbon dioxide. Not surprisingly, the largest increase
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inl g occurredwith devicesexposed to moisture, followed by benzene, and
carbondioxide(Table5.1). Inall cases, vacuum baking restored theoriginal
values.

Tableb5.1. Effect of Gas Ambients on Reverse Leakage Current of Dual PNP
Signal Transistors(?]

Collector-to-base Current (I o)
Condition at 20 volts Rever se Bias, nanoamp
Transistor A Transistor B
Initial value 3.0 25
After exposure to benzene vapor and
. : 2,400
reverse biason transistor A only
After exposure to water vapor and 10.000
reverse biason transistor A only ’
Vacuum bake at 300°C and no bias 25 25
Biason transistor B in vacuum 3.0
After exposureto carbon dioxide and 650
bias on transistor B only
Vacuum bake at 300°C 3.0

Improved purification methods and process controls now produce
polymer coatingsand encapsul antsthat can beused directly and reliably on
activedevices. Purified, semiconductor-grade polymersare now available
having sodium and potassium ion contents of lessthan 5 ppm and chloride
ionsof lessthan 10 ppm. Coatingscan aso befiltered through0.1t0 0.2 um
filters to remove particulates. However, to maintain these low levels, the
user should store and apply the materials in a clean-room environment.

The application of a high-purity conformal coating over a well-
cleaned and dried electronic assembly greatly improvesthereliability and
performance of the assembly and extendsitsuseful life. Thisisparticularly
true for printed wiring assemblies where severe environments, as encoun-
tered in military, automotive, and space applicationswherethelife expect-
ancy must be ten years or greater, and where the cost, with assembled
components, may run into the tens of thousands of dollars. However,
conformal coatings are seldom used for low-cost consumer applications
such as television, computers, cell phones, and other electronics used in
benignenvironments.
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Corrosion of Solder. An example of the effects of moistureon an
uncoated printed circuit board is shown in Fig. 5.2. Excessive corrosion
occurred on solder-attached |eads and sol der-plated conductors after only
two days exposure to 95% RH. A similar board coated with 1.5-mil-thick
polyurethanesurvived six monthsof 95% RH without corrosionor electrical
malfunction®! (Fig. 5.3). Figure 5.4 compares the corrosion effectson an
uncoated circuit board after 50 hours of salt spray exposure with the
protection afforded by a 1-mil-thick polyurethane coating under the same
conditions. Thus, for therequired protection against humidity and salt spray,
acoating, encapsulant, or ahermetic enclosure is required.

Figure 5.2. Uncoated section of circuit board after 2-day humidity exposure.

The amount of moisture that a plastic printed circuit board or a
coating can absorb or permeate is a function of the basic polymer; fillers;
reinforcements, such as glass and its adhesion to the basic polymer; other
additives and ingredients of the formulation; and the degree of cure or
polymerization. Inaddition, hygroscopicresiduessuch asairbornesatsand
minerals, acid pollutants, and flux residuesdraw moremoistureinto or onto
the board. Coatings, to some extent, can extend the life of an electronic
assembly, but should not be considered a cure when they are applied to a
surface that already contains moisture and ionic contaminants.
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Figure 5.3. Circuit board coated with 1.5 mils polyurethane survived six months
of humidity cycling.

Figure 5.4. Effects of 50 hr salt spray on uncoated circuit board (left) and coated
board (right).
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Corrosion of Metal Thin Films. Failures due to electrolytic
corrosionincludethedissol ution of thin-filmmetalli zationssuch asnichrome
resistors and aluminum conductors, increases in reverse leakage currents,
electrical shortsor opens, and general degradation of electrical parameters.
Anéelectrochemical cell canform between two dissimilar metalsregardless
of whether abiasisapplied. Sodium, potassium, and chlorideionsthat may
not present a problem under dry, low-temperature conditions, become
mobilewith moisture and temperature and penetrate to the active semicon-
ductor junctions. The contaminants may beinherent inthe coating itself or
may be trace residues that have not been sufficiently removed during
cleaning of the assembly prior to coating. Contaminants residing in the
coating result in degradation of electrical properties especialy in the
presence of moisture and at elevated temperatures. In addition, residues
remaining on the surface result in aloss of adhesion to the coating, again
exacerbated by moisture.

The catastrophic effect of fingerprints|eft on thin-film metallized
substratesprior tocoatingisshowninFig. 5.5. Thin-film nichromeresistors
contaminated with salt residues from fingerprints applied prior to polyure-
thane coating corroded and showed drastic changes in resistance values
after three-daysstorageover water inadesiccator with 10 voltsbiasapplied.
Cleaned and coated test parts under identical test conditions showed no
physical or el ectrical degradation. Some nichromeresistorsactually disap-
peared when tested in humidity with an applied bias. Apparently, an
electrolytic cell was created in which the resistors ionized and went into
solution.

Likenichrome, thin-filmauminummetallizationisparticularly sus-
ceptible to attack by trace amounts of chloride ions that act in a catalytic
manner. The monolayer of oxide that naturally exists on an aluminum
surface hydrolyseswith moisture, then reactswith the chlorideions, andin
the reaction sequence generates more chlorideions asfollows:

4A1+30, — 2A1,0,
Al,O, +3HOH — 2AI(OH),

Al(OH); +CI™ — AI(OH),Cl + OH"~
Al+4ClI" - AICI, +3e”
AICI, +3HOH — AI(OH), +3H" + 4Cl~
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Figure 5.5. Effect of fingerprints on coated and uncoated nichrome resistors;
Right: Cleaned and coated with polyurethane, Left: Coated with polyurethane, but
not cleaned, Bottom: Not cleaned, not coated.
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Thus, the initial chloride is not consumed, but is regenerated to
continue the reaction, ultimately consuming all the aluminum. Figure 5.6
shows the extent of corrosion and etching of the thin-film aluminum
metallization of anintegrated circuit dueto the penetration of moistureand
the presence of ionic residues in an early-vintage, plastic-encapsulated
device. In wire-wound resistors or thin-film resistors, voltage gradients,
together withionicconductivity, causedissolution of metal fromtheanodic
areas, decreasing the cross-sectional areas of the resistive metal and
increasing resistor values. Under more severe conditions, etching of the
metal continuesuntil themetal iscompletely removed and an el ectrical open
ocCurs.

Figure 5.6. Corrosion of aluminum near ball bonds of an IC due to moisture
penetration and ionic contaminants.

Corrosion Testing. The corrosion properties of polymer coatings
may be evident during the testing of devices under normal operating
conditions or may be determined under accelerated conditions by one of
severa rapid screening tests. According to one of these tests, strips of
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transparent Mylar filmthat have previously been metallized are used astest
vehicles. TheMylar stripsmay havevacuum-deposited, thin-filmaluminum,
copper, nichrome, or other metal tosimulatematerial susedinactual devices.
Themetallized samplesarecoated, then placedintest tubescontai ning small
amounts of water, sealed, and heat-aged in an oven. Any corrosion effects
duetothecoating generally appear after several daysof exposure, although
the test may be continued until corrosion occurs, if at all.

Another test?? consistsof embedding or coating afine copper wire
and measuring the increase in resistance of the wire after various periods
of exposure to temperature and humidity. The extent of corrosion is a
function of the increase in resistance of the wire above what occurs on an
uncoated sample. The extent of protection from corrosion provided by the
coating is also measured by the decrease in resistance relative to the bare
wire. Althoughthismethod wasdevel opedto eval uate magnet wireandwire
coatings, it is useful in evaluating coatings and plastics, in general. A
comparison of the corrosive or protection effects of epoxies, epoxy-
polysulfides, and polyestersisshowninFig. 5.7.12%

lon Permeation. The most deleterious ions to semiconductor
reliability aresodiumand chloride, but potassiumand ammoniumionshave
al sobeenreportedto causefail uresand shoul d be controlled and minimized.
These ions may be inherent in the coating as part of its synthesis, may be
introduced through additives, or may permeate from external sources such
as fingerprints, salt spray, or perspiration. lonic residues are particularly
deleteriousto el ectrical functioning in the presence of moisture or elevated
temperatures under which conditions their mobility increases. It is well
known that ions migrating to the surface of semiconductor devicesresultin
leakage currents.

A relatively ssmpletest for determining the total ionic content of a
coating involves digesting a weighed amount of the cured coating in a
pulverized state in a known volume of deionized water at some elevated
temperaturethenmeasuring theresistivity of thewater extract. Specificions
may be analyzed from thewater extractsdirectly or from the solid residues
remaining after evaporating the water.

5.6.3 Metal Migration

Two mechanismsfor metal migration or metal growth have caused
electronicfailuresinwhichanentiresystemhasfailed. Metal migrationmay
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result froman el ectrochemical cell that formsbetween two el ectrodes, from
metal whisker growth, or fromdiffusionand chemical reactionsof metal ions
in an metal/polymer interface. Polymer coatings can suppress these phe-
nomena, but the best approach isto avoid the causative conditionsthrough
proper materials selection and circuit design.

AWG 40, dipcoated

Polyester/MEK peroxide,

Epoxy/
polysulfide/DETA,

Corrosion of copper measured by percent increase in resistance

20 40 60 80 100
Exposure time at 50°C, 85% RH, in days

Figure 5.7. Corrosive effects of polymer coatings on copper wire.[?%!

Silver Migration. Metal migration, notably silver migration, can
occur between closely spaced conductors and can result in a reduction of
insulation resistance, anincreaseinleakage current, and eventual el ectrical
shorting, arcing, or diel ectric breakdown. Metal migration hasbeen known
and studied for over thirty years and has been the cause of many cata-
strophicmicrocircuitfailures.[24(25 Metal migration hasbeen dominant with
silver andsilver-bearingalloys, but may occur withinalmost any metal. Even
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gold, under conditions of bias, ionic contaminants, and moisture, has been
reported to migrate.[?d It is generally reported that three conditions must
exist for metal migration to occur: adc or ac potential, someionic residues
on the surface of or within a dielectric, and condensed moisture.

Basically, metal migration isan electrochemical phenomenon.[?”]
Silver, themetal havingthehighest propensity for migration, isoxidized at the
anode (positively biased conductor line) to form positively-charged silver
ions. These ions are then attracted to the negatively-biased conductor
(cathode). On their journey across or through the dielectric, the ions are
accel erated by the presence of moistureandionic contaminants. A chemical
reaction usually occurs between the metal ions and the hydroxyl ions
generated fromthewater; for example, silver formssilver hydroxidewhich
appearsasamilky-whitesmudge betweentheconductors. Thisreactioncan
either accel erate or suppressthemigration depending onthesol ubility of the
hydroxidethat isformed. If the hydroxideis solublein the medium, it will
quickly dissociate freeing the metal ions so that they can continue their
migrationto the cathode, asinthe caseof silver. If, however, thehhydroxide
or oxideformedisinsoluble, themigration of themetal ionswill bearrested
or slowed, as with copper. The insoluble hydroxide forms a passivating
barrier that can essentially stopthemigration. If thepositively-chargedions
are unobstructed and arrive at the cathode, they pick up electrons and are
reduced back to metal. The metal builds on itself and grows as filaments
backward toward the anode. Thus, in essence, atwo-dimensional e ectro-
lytic cell has been formed. Because these metal filaments have the
appearance of tree branches they are referred to as dendrites and the
process is known as dendritic growth. A model for silver migration is
showninFig.5.8.

Although both organicandinorgani c coatingswill greatly suppress
and even arrest metal migration by preventing moisture from condensing
ontothesurface, someprovendesignrulesshould befollowed, amongwhich
are:

* Avoidingtheuseof puresilver and using noblemetal ssuch
asgold, platinum, palladium, or alloysof silver with plati-
numor palladium.

» Designing the circuit to avoid biases between critical
components.

» Usinglow-porosity, hydrophobicdiel ectricsand substrates.
The substrates need to be tested for insul ation resistance
at elevated temperature or under moist conditions, at
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which the ions are most likely to be mobilized. A high
insulation resistance of >1 x 10'! ohms under these
conditions assures low ionic mobility within the dielec-
tric.[8l

» Handling, storing, and sealing the circuitsin adry inert
environment.

» Assuring that the circuits are ultraclean and free of ionic
contaminants.

» Overcoating the circuits with a high-purity polymer or
inorganic coating to prevent moisture from condensing
onto the surface.

@ @ Anode reaction (oxidation)

] Ag- e —a Agt

+ Interelectrode reactions
Ag| Ag —» j

. Ag+OH—» AgOH‘

Ag - _
+OH AgOH —pm-Ad+OH
Cathode reaction
AgOH— Ag're —imAg ‘

Figure 5.8. Model for silver migration mechanism.

Conductive Anodic Filaments. Under high humidity, a failure
mode known as conductive anodic filaments (CAF) has been reported to
occur in epoxy-glass printed wiring boards between oppositely biased
copper conductors. It has also been shown that CAF is augmented by
exposure to elevated humidity and temperature in the presence of hygro-
scopic flux residues. The CAF mechanism is somewhat similar to that for
silver migration except that copper ionsgenerated at theanodeform oxides,
hydroxides, chlorides, and other compoundsthat continueto grow fromthe
anode towards the cathode. X-ray dispersion analysis of the filament
materials indicated copper with chlorine and/or sulfur, the latter being
residues from processing of the circuit boards.[?! The presence of glycols
or aminesfrom the fluxes, combined with marginal adhesions between the
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glass reinforcement and the epoxy resin of the printed wiring board, have
been reported to accel erate CAF formation. Conformal coatings, by reduc-
ing the moi sture penetration, can slow down therate of CAF formation and
extend the life of the circuit,’® but most of them do not prevent CAF.

Tin Whisker Growth. Differing from silver migration and CAF,
tinwhisker growth doesnot requiremaisture, i onic contaminants, or evenan
electric potential. Puretinformssinglecrystal sthat grow asfineneedlesor
nodul esand eventual ly causeel ectrical shorts. Thetinwhisker phenomenon
was first reported in 194734 and has been studied extensively over the
years.[32[33 Eventhoughitiswell recognized asarisk, puretinisstill used
and failures continue to occur. With recent emphasis on the elimination of
leadfrom solders, theindustry isrevertingtotheuseof puretinandnon-lead
solders, bringing thetinwhisker problemtotheforefront again.I*¥ A recent
study showed that conformal coated tin-plated surfaces did not prevent tin
whiskersfrom forming, but there was some benefit in the extended time it
took before the whiskers penetrated through the coating.[3-371 An added
benefit to conformal coating a circuit is that if tin whiskers from another
portion of the package, for example from atin-plated lid, break off, the
coating shields the active circuitsfrom thetin particles.

Interdiffusion. In some cases, metals diffuse through a polymer
coating during its cure or subsequently during thermal exposure. The
migration of metal affects the electrical properties of the dielectric and
possibly its adhesion. A classical example, one that has been thoroughly
studied, isthe migration of copper into theinterface of acopper-polyimide
multilayer structure, asinaM CM-D module. A chemical mechanismismost
likely in which the polyamic acid resin (polyimide precursor) dissolves or
reacts with some interfacial copper forming a copper carboxylate salt and
generating copper ions. Thecopper (Cu*) ionsmigrateinto the polymer and
subsequently decompose to form cuprous oxide (Cu,O) during the high
temperature imidization reaction. Nodules of copper oxide at the copper-
polyimide interface have been verified by numerous analytical methods
including microdiffraction analysis, electron microscopy, and X PS,[381-41]
Thecopper migration problemwasresol ved by depositing athin chromium
or titanium diffusion barrier between the copper and polyimide.l*d The
barrier layer providesthefurther benefit of enhancing the adhesion between
copper andthepolyimidelayers!*3 Another sol utiontothecopper/polyimide
probleminvolved using anon-polyamic-acid precursor suchasapreimidized
oligomer that curesthrough acetyl eni c end-groupsby addition polymeriza-
tion. Inthiscase, thereisno possibility for the copper carboxylate reaction
to occur. Other dielectrics such as BCB have also been found to be
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compatible with copper. No copper migration in a BCB/Cu interface was
detected by TEM after 1,000 hours of 85°C/85% RH exposure.[*

5.7 TEST PROCEDURES FOR
CONTAMINANTS AND CLEANLINESS
ASSURANCE

Electronic assembliesmay, if not adequately cleaned, containboth
ionicand non-ionic (organic) residuesand nosingletestisavailablethat can
measuretheremoval of both. If both typesof contaminantsareknownto be
present, separate tests for ionic and non-ionic contaminants must be
performed. lons may also be inherent in the coating or dielectric materials
that areused for protection andinsulation or may subsequently penetratethe
coating from ambient or processing conditions.

5.7.1 Tests for lonic Contaminants Inherent in Polymers
or on Surfaces

lonsmay beinherentinthe polymer resin, hardeners, and catalysts,
or in additives such asfillers. lons may also be absorbed and retained from
chemicalsused in printed circuit board processing such asplating, etching,
photoresists, and soldering. Regardlessof their source, thepresenceof ions,
particularly chloride, sodium, potassium, and ammonium ions, affect the
reliability of acoated assembly. Over the years, improvements have been
made by plastics manufacturers in purifying their products, but the risk
remains. Several tests have been devel oped to measure the ionic contents
of polymer materials and the effect these ions have on semiconductor
devices. Direct testsinvolve extracting aweighed pul verized sample of the
plasticwithameasured volumeof deionized water of knownresistivity. The
sampleisdigestedinboiling water for 24 hours, thenfiltered, and thewater
extracts analyzed by measuring the their resistivity. The amount by which
the resistivity is decreased is a measure of the total ions extracted and is
indicativeof thepurity of thematerial. A correlationwasal sofound between
the water-extract resistivities of anumber of silicones and the failuresthat
occurred when M OS devices were coated with these silicones and aged at
125°C for over 1,000 hours with applied power. Those with the highest
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water-extract resistivities (highest purity) performed the best (see Table
5.2).123 The water extracts may subsequently be analyzed for specificions
and compounds by one of several techniquesincluding atomic absorption
spectroscopy and ion chromatography. Potentiometric or gravimetrictitra-
tionwithsilver nitratesolutionfor chlorideionsmay alsobeused. Thesample
ispowdered and extracted with deionized water, andtheextract titrated with
astandard solution of silver nitrate.[*°]

Table 5.2. Typical Failure Data for Silicone-coated MOS Devices (static
tested at 125°C/150 milliwatts)

Water extract Samole Failures* Failures*
Sample Resistivity, SizF()e after after
Q-cm 1000 hrs 2000 hrs
Silicone A 80,000 7 3
Silicone B 180,000 13 2
Silicone C 190,000 7 3
Silicone D 300,000 11 1
Dow Corning
DC-51 360,000 10 0 0
Dow Corning
XR-62044 660,000 10 0 0
Deionized water 600,000 to
(reference) 900,000
*Failure indicators: threshold voltage, breakdown voltage, leakage current

A recent report showed that by treating a plastic with water under
pressure at temperatures as high as 160°C the amounts of ions extracted
increased. Haggel*®! reported 5to 10 timeshigher chlorideionsextracted at
160°C compared to 120°C for the same material. This sharp increase was
attributed to reaching or exceeding the T, of the polymer, at which
temperaturethepolymer moleculesloosen, allowingtrappedionstobefreed
(Fig.5.9).

However, one must distingui sh between the extractable mobileion
content of a cured plastic and ions that are formed by conditions that
completely breakdown the polymer structure. Covalently-bonded chlorine
atoms, for examplein Parylene C, are not mobileions and extracting with
water at reasonable temperatures up to the boiling point of water will not
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producechlorideions. Thesamecompound subj ectedtothebomb extraction
processat 160°C may very well decomposeand hydrolyzeto produceions.

100 r I
| | -0— Standard molding
compound, Tg= 165°C
g_ 801 —— Experimental molding
o | compound, Ty = 164°C Higher temperature
A .... FR-7 substrate, ¥ gives higher ionic
b5 60 Ty = 160°C extraction
% [ |— — BT substrate,
S Ty = 160°C
§ 40
= s lon mobility increases
[=}
2 2 Nl sharply above Ty
(6]
0 —— T

100 125 150 175 200
Extraction temperature, °C

Figure 5.9. Effect of temperature on extracted chloride ions.[4¢]

5.7.2 Tests for Surface lonic Contaminants

The effectiveness of cleaning a printed wiring board prior to
applying solder maskant or after assembly prior to coating can also be
determined by resi stivity measurementsof water/i sopropy! a cohol washings.
Severa instrumentsare availableto measureresistivities of extractsand to
report the readings as micrograms per square centimeter of equivalent
sodium chloride (NaCl). IPC-TM-650 2.3.5147] describes test methods that
use equipment such as the Omegameter* (Fig. 5.10) or lonograph*.
Requirements using the Omegameter are given in MIL-PRF-55110F.[48]
These are: less than 1.56 pg/cm? equivalent NaCl for the printed wiring
board prior to solder resist application and less than 2.2 pg/cm? prior to
conformal coating. The Omegameter consists of atank filled with 75/25

*Omegameter® and lonograph® are registered tradenames of Specialty Coatings
Systems, a Cookson Co.
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isopropanol/water solutionintowhichthepartissubmerged. Theresistivity
is measured and the sodium chloride equival ents are automatically calcu-
lated. The extracted ionsare then removed from the solution by circulating
it through ion-exchange resin filters. Many cleaning consoles are now
equipped to measure resistivities of water/al cohol extractseither inastatic
or continuous manner.

Figure 5.10. Omegameter® for testing cleanliness of electronic parts prior to
coating. (Courtesy Specialty Coating Systems, a Cookson Co.)
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Resistivity is a measure of the total amount of ionic residues. To
determine the exact nature and quantities of contaminants, analytical
separation and identification procedures such as ion chromatography,
atomic absorption spectroscopy, flame photometry, or ESCA (Electron
Spectroscopy for Chemical Analysis) must be used.!#950]

5.7.3 Surface Insulation Resistance (SIR)

Relatively simple electrical test patterns in which the surface
insulation resistance (SIR) between closely spaced conductor lines can be
measured are useful in monitoring the degree of cleanliness, especially for
the removal of ionic residues. Test coupons consisting of Y patterns,
interdigitated comb patterns, or the IPC-B-25A test coupon (Fig. 5.11)
consist of closely spaced conductor lines of different widths and spacings
formed onaprinted circuit board. Similar patternsof thinor thick filmsmay
be formed on ceramic boards to simulate hybrid microcircuits and other
ceramic-based electronics. The IPC-B-25A is a multipurpose test board
that can be used to evaluate the efficiency of cleaning processes aswell as
thereliability of conformal coatings, di€l ectric coatings, and solder maskants
under various humidity and temperature conditions. The IPC-B-25A cou-
ponsareal sousedtotest and qualify coatingsfor resistancetoe ectromigration
andthermal shock (Method 2.6.7.1).[47] Artwork for both the one-sided test
patternt5 and one- and two-sided patterng>2 are available from IPC for
those wishing to fabricate the coupons themselves or pre-fabricated cou-
pons may be purchased from several suppliers.[53]

Salt residues are generaly hygroscopic and more prone than
organicresiduestoionizeinahumidenvironment, to becomemobile, andto
create high leakage currents. A clean dry surface will give high resistance
valuesthat arereproducible, whileasurfacethat still containstracesof ionic
specieswill show low and erratic resistance values. Separate test coupons
may beincluded during aproductionrunor theproductioncircuit boardsmay
be designed to contain asmall pattern at the edge of each board that can be
tested and later removed.

Surface resistances are based on accurate insulation resistance
measurements with aknown applied bias across the conductor lineswhile
exposed to controlled simulated or accel erated environmental conditions.
Typical SIR conditions consist of exposure to 85°C at 85% RH with an
appliedbiasof 100V dcfor 170 hours. Minimumrequirementsdependonthe
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intended application. In general, aminimum of 1 x 108 ohmisspecified for
most applications while over 1 x 104 ohms may be specified for high-
frequency applications. The minute changes in leakage currents can be
measured with a high-sensitivity ammeter and the resistance calculated
from Ohm’s Law or the resistance can be read directly using a high-
resistance meter. An automatic SIR tester (Sirometer) is available from

Specialty Coating Systems.

Jsneee
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i

Figure 5.11. IPC-B-25A multipurpose test board.[

Further information on SIR may be found in IPC-9201 Surface
Insulation Resistance Handbook!® and in IPC-TR-468 Factors Affect-
ing Insulation Resistance Performance of Printed Boards.[®
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In summary, the SIR test is useful in:

» Determining the corrosive effects, if any, of conformal
coatings or solder maskants on copper conductors or
solder-coated copper conductors.

» Evaluatingtheability of acoatingto protect acircuitfrom
accelerated conditionsof humidity, temperature, and bias.

« Evaluating the effectiveness of a cleaning solvent or
cleaning processfor removing ionic or hygroscopic con-
taminants from a surface.

5.7.4 Reverse Bias Leakage Current

A highly sensitive test for trace amounts of ions consists of
measuring the leakage current of areverse-biased semiconductor junction
at elevated temperatures. Semiconductor devices containing mobile ions
form inversion layers and exhibit high reverse leakage currents. The
inversion layer is formed if ion contaminants on the surface or in the
passivationlayer becomemobilized at el evated temperaturesand aligned by
theapplication of anelectrical field. Stresstest conditionsgenerally used are
150°C and 20 volts reverse bias.

5.7.5 Tests for Non-ionic (Organic) Residues

A quick semi-quantitativetest for the presence of non-polar hydro-
phobic surface contaminants such as greases or oils involves the water
break-freetest. Thistest consistsof placing adrop of deionized water onthe
surface of the circuit board or device. If the water beads, it indicates that
hydrophobic (oils, greases, organic materials) contaminantsarestill present.
If the water spreads and wets the surface, it is a good indication that all
grease-like residues have been removed (Fig. 5.12). The test can be
guantified to some extent by measuring the contact angle of the water bead
using a goniometer. At the extremes, a contact angle of 180° indicates
complete non-wetting while a 0° angle indicates complete wetting. The
absence of ionic water-solubleor hydrophilic residues, however, cannot be
assured by thistest sincethey will also cause the water drop to spread. The
contact angle measurement has been used to select an optimum cleaning
solvent or cleaning process. Silicon substrates contaminated with organic
residues showed a water-drop contact angle of 45° to 90° while a cleaned
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surface resulted in good wettability and a contact angle of 10°.15¢! The
beneficial effects of plasma cleaning copper, aluminum, and epoxy sur-
faceswasal so demonstrated by decreasesin the contact angle.[5 Measure-
ment of the contact angle has also been used to study the effectiveness of
uv/ozone cleaning of a solder maskant used in BGA packages fabrication
prior to overmolding with epoxy. Ahn, et al.,!>8 showed a relationship
between the contact angle and the exposure time to uv/ozone (Fig. 5.13).
Improved adhesion was demonstrated after one minute of exposure dueto
theremoval of surface contaminantsbut, at 10 minutes, adhesion degraded

Water "Beading” 0 > 90° Water "Wetting" 6 < 90°

Oil or grease-like Water droplet
residues Relatively clean

Water droplet
surface
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Figure 5.13. Contact angle vs uv/ozone cleaning time for solder maskant.[58!
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dueto theinitiation of asecond mechanism of solder maskant decomposi-
tion.

A variation of the water-drop test involves spraying adry surface
with afine mist of deionized water (Atomizer Test). If the surfaceisclean
andfreeof organicfilms, thewater dropletswill spreadimmediately toform
a continuous water film whereas, on a contaminated surface, the droplets
will remain asdroplets.

In order to determine the exact nature of organic residues, aceto-
nitrile, astrong polar solvent, can beused to extract theorgani c contaminants
and infrared spectroscopy then used to identify the compounds. Once
identified, their sourcescan bedetermined and stepstakento prevent further
contamination.

5.8 ACCELERATED STRESS AND
ENVIRONMENTAL TESTS

Toensuremaximumreliability of devices, circuit boards, and other
electronic assemblies, defense contracts have specified that hardware meet
theaccel erated environmental testscalled out in specificationssuchasMIL-
STD-810, MIL-HDBK-2036, and MIL-STD-202. Inadditiontothehumid-
ity/temperaturecyclingtest, these specificationsdefinesalt-spray, abrasion,
impact, fungus, and many other tests. Table 5.3 liststests defined in MIL-
STD-202. These tests are classified into three groups. Environmental,
Physical, and Electrical and may beapplicableto coatingsal oneor to coated
€l ectronic components.

Because of concern over using polymer coated or encapsulated
microcircuitsinhigh-reliability applications, even more severeaccel erated
tests have been devised along with ultrasensitive electronic test chips and
circuits. These new tests were necessary to more quickly predict life
expectancies for parts under actual operating environments and to gain
information on failure modes and mechanismsin attemptsto synthesize or
reformul ate materialsthat would avoid failures.

5.8.1 Accelerated Humidity-Temperature Tests

A widely used and accepted test for the qualification of plastic-
coated or plasti c-encapsul ated microcircuitsisthe steady-state exposure of
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partsto 85% RH at 85°C, generally for 1,000 hourswith abias. Thistestis
referred to as the 85/85 test and defined in JEDEC Standard No. 22B,
Method A101-A.15% The test may also be performed without bias.

Table 5.3. MIL-STD-202 Test Methods

Test | Method
Environmentad Characteristics (100 class)
Salt spray (corrosion) 101D
Humidity (steady state) 103B
Immersion 104A
Barometric pressure 105C
Moisture resistance 106F
Thermal shock 107G
Life (at elevated temperature) 108A
Explosion 109B
Sand and dust 110A
Flammability (external flame) 111A
Seal 112E
Physical Characteristics (200 class)
Vibration 201A
Random drop 203B
Vibration, high frequency 204D
Life, rotational 206
High impact shock 207A
Solderability 208H
Radiographic inspection 209
Resistance to soldering heat 210E
Termina strength 211A
Acceleration 212A
Shock, specified pulse 213B
Random vibration 214A
Resistance to solvents 2153
Particleimpact noise detection (PIND) 217

(cont'd.)
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Table 5.3. (cont'd.)

Test | Method
Electrical Characteristics (300 class)
Dielectric withstanding voltage 301
Insulation resistance 302
DC resistance 303
Resistance-temperature 304
Capacitance 305
Quiality factor (Q) 306
Contact resistance 307
Current-noise test for fixed resistors 308
Voltage coefficient of resistance 309
Contact-chatter monitoring 310
Life, low-level switching 311
Intermediate current switching 312

A much more severe accelerated test is the HAST (Highly
Accelerated Stress Test) whereby the parts are subjected to elevated
temperatureand humidity whileunder 2atm of pressureinanautoclave, with
or without an applied bias. This test is described in JEDEC Standard No.
22B, Method A110.15% The unbiased test is referred to as the pressure
cooker test (PCT) and defined in JEDEC Standard 22, Method A 102-B.[61
Early studieswereperformed at 121°C, 85-95% RH and 2 atm pressure, 62
but subsequently higher temperatures, e.g., 130° and even 140°C, wereused
incomparing plasti cencapsul ated microcircuitswiththeir ceramichermetic
counterparts. One must understand, however, that at such high tempera-
tures, pressure, and moisture most polymer materials undergo new failure
modesand mechanismsthat are catastrophicand that extrapol ationstolong-
term life expectancies or correlations with the 85/85 test cannot be made.
For example, at the T, molecular movement and expansion occur in
polymerscreating stressesand probably anincreasein moistureabsorption.
Thetestisalso not meaningful for applications such asin-body electronics
wheresuch drastic conditionswould never beencountered. BothHA ST and
PCT, however, are useful in comparing the performance and failure modes
and mechanisms of various plastics.
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5.8.2 Hydrolytic Stability

Some polymers, even after achieving afull cure, have been known
to soften and even liquefy at elevated temperature and high humidity
conditions—a process referred to as reversion. This failure was noted
primarily withsomeearly polyurethaneand siliconeformul ationsandisdue
tohydrolysisand reversion of the polymer into small monomer or oligomer
units. Although not a prevalent failure mode today, it is always best to
conduct arelatively simple accelerated test to assure reliability. IPC-TM-
650, Method 2.6.11 describes such atest method whereby a circuit board
laminate coated either with aconformal coating or asolder mask isexposed
in a desiccator to arelative humidity created from a saturated solution of
potassi um sulfate maintai ned at varioustime-temperature conditions: up to
28 daysat 97°C for asolder maskant and 120 days at 85°C for aconformal
coating. Therelativehumidity achieved fromthesaturated potassium sulfate
solutionisapproximately 98%. After the specified time period, the coating
isvisually examined for any degradation and the surface is swabbed with
absorbent cotton to check for any softness or tackiness.

Ambients of constant relative humidities can be generated using
saturated solutions of various inorganic salts contained in a desiccator at
constant temperatures.!®® (See also Ch. 6.)

5.8.3 Moisture and Stress Test Chips

Several electrical test chips have been developed to measure
moisture resistance and stress effects of polymer coatings. These chipsare
being usedtoeva uateand comparethereiability of coatingsand encapsul ants.
Among them are:

* A Moaisture Sensor Chip (MSC), designed by AvanTeco
(Whittier, CA) and Revtek (Torrance, CA), that is based
ontherapid, butirreversiblesilver migration phenomenon
that occurs between thin-film silver conductors in the
presence of moisture and an applied bias.

* A series of Assembly Test Chips (ATC) designed by
Sandia National Laboratories (Albuguerque, NM) that
providequantitativedatafor interlineleakagecurrentsand
resistor changes due to moisture and ion contaminants.
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» Humidity sensors based on capacitance changes occur-
ringinporousal uminumoxideor siliconoxidefilmswhen
exposed to moisture.

* A CMOS stress-sensor chip designed and devel oped by
Sandia National Laboratories based on piezoresistive
stress cells.

Design and Characteristics of the Moisture Sensor Chip
(MSC). The MSC is based on the phenomenon of silver migration,
previously described, whereby closely spaced conductor tracesof thin-film
silver will short out in a matter of minutes in the presence of condensed
moisture, traces of ionic residues, and asmall applied bias, generally 2-15
Vdc. Although other metalsbesidessilver migrateinanel ectrical field under
these same conditions, silver migrates orders of magnitude faster.

Catastrophic failures occur when sufficient water and ions are
present. Beforecompletefailure, increasesinleakage current occur and can
be measured. If silver migration occurs on these chips, even though other
circuit devicesor the entire moduleremain functional, thecircuit should be
considered at risk sincesilver migrationisproof that moisturehaspenetrated
to the active devices and interconnect surface.

The MSCs were designed under a NASA program.!4-68 The
chipsconsist of interdigitated comb patternsof variousspacingsphotoetched
from vapor-deposited silver (Fig. 5.14). Each chip (1.57 x 1.72 mm)
contained four comb pattern designs with spacings of 2, 5, 17, and 25 um,
representing the most moisture sensitiveto theleast sensitive, respectively
(Fig. 5.15 aand b). Only two leads are necessary for each of the sensor
elements. Prior to assembly, the sensors must be well protected. They
should bestoredindry nitrogen to prevent premature reaction with ambient
moisture and over lead acetate paper to getter any ambient sulfur com-
poundsthat may also react with the silver sensor. The chips can be used as
part of areliability program to test and compare the barrier properties of
coatings, but are not intended to quantitatively measure moisture. They act
asafuse; oncethey havefailed they cannot be used again. According to an
Air Force-sponsored study,[67] the test chips were assembled into 8-lead
DIPs(Dual In-Line Packages), coated with various coatings and combina-
tions of coatings, electrically tested, exposed to 500 hours of 85% RH and
85°C, and retested. The parts that passed were then subjected to the
pressure cooker test, JEDEC Standard JESD22-A102-Bl61 for various
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periods of time until significant failures occurred.[® Other accelerated
humidity-temperature conditions such asHA ST can also be used.
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Figure 5.14. Topography of Moisture Sensor Chip.

Design and Characteristics of ATC Chips. The design of the
first generation ATC chip, the ATC-01, has been described in several
articlesand presentationsby personnel of SandiaNational Laboratories.[®)
The ATC-01 chipsare6.5 mm (254-mils) squareand have photodelineated
thin-filmaluminumtraces(1 pum) formedastripletrack (TT) resistorshaving
various widths and spacings (Table 5.4). There are 88 external bond pads,
each 100 um (4-mil) square on 200 um (8-mil) centers. Thetopography is
shown in Fig. 5.16. Other structures include ladder structures, edge crack
monitors, and van der Pauw sheet resistance structures. Electromigration
structures are also available in the center of the chip. As the aluminum
resistors corrode, the device resistance increasesin a stepwise fashion. By
monitoring theresi stanceversustime, information about corrosion kinetics
and corrosion rate variance may be obtained. The chip also contains some
parallel straight line corrosion detectors and avan der Pauw structure that
can be used to monitor the Al sheet resistance during the corrosion test.
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(b)

Figure 5.15. MSC showing interdigitated silver patterns (x100); (a) 5-um spacing
between conductors, (b) 25-um spacing between conductors.
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Table 5.4. Design Parameters of ATC-01 Triple Track (TT) Resistors

Line Widths (um) Line Spacing (Lm)
1 1.25 1.25
2 2.00 2.00
3 2.00 4.00
4 4.00 4.00
5 5.00 6.00
6 6.00 4.00
8 1.25 2.00

Ladder
Corrosion Dotector

Stralght Ling.
Corrosion Dotector

Triple Track
Corrosion Detector

Edge Damage Sensor

wan der Pauw &
Linowidth Structure

Overall layout of ATC-01. The structures with interior bond pads are for
electromigration measurements. The large black structures are triple track (TT)
and ladder (L) corrosion test structures with densely packed fine Al conductor
lines. Starting in the lower lefthand corner and going clockwise, these structures
are: TT8, TT6, TT2, TT1, L1, L2, L3, TT4, TT5, and TT3.

Figure 5.16. Topography and layout of ATC-01 chip.
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Humidity Sensors Based on Capacitance Changes. Subse-
guent tothe ATC-01 chip, new ATC chipsthat provideimproved and more
quantitativedatahave been designed and madeavail ableby SandiaNational
L aboratories[

The ATC-02 chip, for example, in addition to the triple track
corrosiontest structurescontainedinthe ATC-01 chip, containspolysilicon
heaters and anodized aluminum (aluminum oxide) moisture detectors de-
signed to function at low moisturelevelsof 100 to 1000 ppm. The moisture
detectorsarethin-film capacitorsformed by anodizing rectangular Al metal
pads leaving some unanodized Al to serve as the bottom electrode. A thin
palladium filmisthen deposited over the porous oxideto serve asthe upper
electrode. Water vapor readily penetratesthe Pd film and condensesin the
porous oxide, thus changing its dielectric constant and increasing the
capacitance (Fig. 5.17).

Thin Pd electrode

Al bond pad l/
R LK KLY ¢—  ALD,
N [50LSELHXRRXRIEK

Silicon substrate

Figure 5.17. Cross-section of anodized aluminum moisture sensor capacitor.

Stress Sensor Chips. The beneficial use of coatings as stress
buffers has aready been discussed in Ch. 4. However, coatings may
contribute stresses of their own and affect the reliability of acircuit. High
stresses can be imparted to el ectronic components due to shrinkage of the
resinduring cure or by mismatchesinthe coefficientsof thermal expansion
between the coating and the variety of metal and ceramic surfacestowhich
it adheres. Both shrinkage and CTEs vary widely among polymers and
depend onthetypeof polymer and volumepercentageand typeof filler used.
In general, increasing the filler content reduces shrinkage and thermal
expansion. Other factors known to affect the percent of shrinkageinclude
the cure temperature, degree of polymerization, geometry of the part, and
the amount of polymer used. A poor combination of materials, processes,
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and design can create stresses sufficiently high to cause fragile or thin
sections of acircuit to reach their ultimate strength and break. Figure 5.1
(see Sec. 5.6) showsan silicone-coated i ntegrated circuit whoseflying lead
wires were severed by shrinkage produced from solvent evaporation and
curing of the coating.

Thefailurewas caused primarily by applyingtoothick alayer of an
unfilled solvent-based coating. A thinner application of thesamecoating plus
a gradua or stepwise increase of the cure temperature would have
minimized the stresses and avoided the failure.

Polymer systemsinvolving morethan onecoating typemay present
problems if the inner coating has a higher CTE than the outer one. An
increase in temperature will obviously cause the inner coating to exert
pressure against the confining outer shell. An exampleisthe use of aninner
unfilled silicone coating and an outer epoxy shell as in some resistor and
semiconductor devices. Stressproblemscan beavoided by using athininner
silicone coating or by providing space between the inner coating and the
outer plastic into which the silicone can expand.

Stress Testing. Numerous methods exist for testing the mechani-
cal integrity of plastic packaged devices. Among these are vibration,
centrifugal-force, thermal shock, temperature cycling, and impact tests.
M ost of these procedures are detailedin military or industry specifications.
An inexpensive and rapid method to measure stresses that a plastic or
coating impartsto adevice consists of embedding resistance strain gauges
or pressure transducersin the plastic and plotting the stresses as afunction
of temperature.l”117d Temperature cycling accelerates any stress effects,
especially those arising from large differences in expansion coefficients
between material interfaces.

Another test consistsof recording thetemperature of thermometers
that have been calibrated to measure stress rather than temperature. A
linear relationship has been found between temperature readings and the
pressure exerted on the bulb of the thermometer. In practice, the thermom-
eters are embedded in the plastic and readings taken at various tempera-
tures.[?]

Intesting rigid mol ding or encapsul ating compounds, the Olyphant
washer test is well established and is fairly standard in the industry.
According to thistest, acomplex metal washer (amachined-steel insert) is
embedded intheplastic. High shrinkage or stressfromtheplastic duringits
cureor subsequently ontemperaturecycling resultsin cracking of theplastic
around the washer especially at the sharp corners.
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Stress Sensor Chips. Recent developments have been made in
guantitatively measuring stresses on specially designed semiconductor
chips. SandiaNational Laboratory’ SATC-04isasecond generationCMOS
chip specificaly designed to measure mechanical stresses and thermal
resistance. It contains an array of 25 stress sensing cells. Each cell is
comprised of four n-type and four p-type piezoresistorsfor stressmeasure-
ments and a diode for temperature measurement. The use of four resistors
of eachdopingtype, two parallel to the chip edgesand two on 45° diagonals
facilitatesobtai ning themaximum amount of information from planar stress
sensorson silicon. The chip also contains four polysilicon heater elements
for thermal resistance tests and two ring oscillators to measure the chip
functionality during accel erated testing. Figure 5.18 showsthe layout with
locationsof the stresssensor cells, oscillators, and heaters.[” The ATC-04
chips can be characterized electrically before applying a coating, after
coating, and after exposure to various accelerated tests to determine the
effectiveness of the protective coating or encapsulant.
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Figure 5.18. Basic ATC-04 layout.["4



426 Coating Materials for Electronic Applications

5.9 TESTS FOR COATING INTEGRITY

A coating’s ability to prevent moisture and contaminants from
penetrating to the active device surfaces depends on its completeness of
coverage and integrity, that is, itslack of pinholes, microcracks, and other
imperfections. Five tests may be used to measure film integrity; two are
based onanelectrochemical cell formation, oneonasimplechemical etching
method, one on achangein reflectance measurement, and the last on adye
penetrant test. Except for the reflectance and dye penetrant methods, the
coatings must be deposited onto a metal or metallized base for testing.

5.9.1 Electrochemical Tests

For the el ectrophoretictest, the coating isdeposited and cured onto
ametal substrate, thenimmersed into an aqueous sol ution of copper sulfate
while a negative bias is applied to the metal (Fig.5.19). Any pinholes or
discontinuitiesin the film become sites for the reduction of copper ionsto
metallic copper whicharethenvisibleasdark brown specksaccordingtothe
followingreactions:

CuSO, —Cu™ +S0;
Cu™ +2e—Cu°

Thetest servesashboth aqualitative and semi-quantitative measurement for
pinholesinafilm.

A second electrochemical test involves rendering the metal sub-
strate, onto which the coating is deposited, anodic whileit isimmersedin
methanol. Any entrance of methanol through apinholeresultsinelectrolysis
of the methanol and evol ution of hydrogen gasthat becomesvisibleastiny
bubbled ™ (Fig. 5.20).

5.9.2 Chemical Test

In yet athird method, the coating is deposited onto an aluminized
transparent plastic substrate or glass which is then either immersed or
sprayed with adilute solution of hydrochloric acid. Any pinholes serve as
sitesfor the hydrochloric acid to contact and etch the aluminumwhich then
can be visually detected through the transparent areas (Fig. 5.21).
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Figure 5.19. Electrophoretic pinhole detection test.
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Figure 5.20. Pinhole detection test by hydrogen gas evolution.
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Figure 5.21. Hydrochloric acid etch test for measuring film integrity.

5.9.3 Optical Reflectance Test

A reflectance method may also be used to measure the degree of
porosity of an organic coating according to ASTM 3258. The coating is
applied to a non-porous surface and measured for reflectance. A colored
penetrating dye is applied and the excess wiped off after which the
reflectance is measured again. The difference between the two readings
indicates the degree of porosity; the smaller the difference, the lower the
porosity of the film and the greater its ability to resist penetration.

5.9.4 Surface Discontinuities

Microcracks and discontinuities in the surface of a coating or in
other plastic or ceramic materials that are not detectable by microscopic
examination may be detected by a dye penetration test. According to this
method, asolution of acolored visibleor afluorescent dye (such asZyglow
or Yellow Dye G) is applied to the surface and allowed sufficient time to
penetrate through any cracks. To accelerate the penetration, the part may
beimmersedinthedyesolutionand either vacuum or pressureapplied. The
superficial dye solution is then washed off and any dye remaining in the
discontinuities will be visible under ordinary light or under a black-lamp.
Specimens may also be cross-sectioned and the depth of dye penetration
observed. Some dye penetration results for test specimens of Kovar wire
embedded in various epoxies are shown in Fig. 5.22. The photos show
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complete, partial, and no penetration depending ontheadhesi onandintegrity
of the epoxy-to-wire interface. Figure 5.23 shows the high penetration of
dye solution along the leads of an early-vintage plastic-encapsulated IC.
Because cross-sectioning after adye penetration test isdestructive, the test
isbest used on asampling basisfor quality control; for initial selectionand
gualification of a plastic encapsulant, coating or primer; or for failure
analysis. MIL-STD-883, Method 1034 describesspecific conditionsfor the

test.
| .
[

Figure 5.22. Dye penetration along wire leads; (left) no penetration, (center)
partial penetration, (right) complete penetration.

Figure 5.23. Dye penetration along the lead-to-plastic interfaces of an integrated
circuit package.
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5.9.5 Internal Discontinuities

The dye penetrant test is useful only for detecting surface
discontinuitiesor internal discontinuitiesthat emanatefrom or areconnected
tothesurface. Todetect internal discontinuitiessuch asvoids, delamination,
or internal cracks, surface acoustic microscopy (SAM) iswidely used (Ch.
6). SAM isanon-invasive, non-destructive method that has become very
valuable in examining the integrity of CSP, PEMs, PBGAS, and a host of
other new packaging constructions being devel oped for microel ectronics.

5.10 ADHESION

Coated substrates can fail mechanically by one or more of three
mechanismsinvolvingadhesion:

» Adhesionfailureby delamination of the coating from the
substrate

» Cohesivefailure dueto fracture within the coating

e Substrate failure due to fracture or deformation of the
substrate

In many cases, it is the toughness or resistance to fracture of the
adherents and interfaces that determines whether imposed stresses can be
withstood and adhesion preserved. Several quantitative and semi-quantita-
tive tests can be used to evaluate adhesion of coatings.

5.10.1 Tape Pull Test

The most widely used test to determine the degree of adhesion of
acoating involves applying and pulling atape from acoated substrate. The
testissimpleand quick, easy to perform, and requiresno capital equipment;
however, at best, it is semi-quantitative. ASTM D3359 Standard Test
Methods for Measuring Adhesion by Tape Test defines the procedure;
an X mark is scribed through the coating to the substrate using a razor
blade or other cutting device. A pressure-sensitive tape is then firmly
appliedover thescribed surfaceand pulled rapidly at anangleapproximating
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180 degrees. Thedegreeof adhesionisthenrated on ascalefrom 1 (coating
removed frommost of theareaof the X mark under thetape) to5 (no peeling
or removal of coating). Thetest isdestructive and should be used on atest
coupon that is processed at the same time as the coated part.

A variation of thismethod involves scribing through the coating to
form a crosshatch pattern. The recommended tape is Permacel 99 from
Permacel Corp., New Brunswick, NJ.

5.10.2 Scratch Adhesion Test

Another destructivetest widely used on atest coupon processed at
the same time as the coated part utilizes a diamond probe as defined in
ASTM D2197 Sandard Test Method for Adhesion of Organic Coating
by Scrape Adhesion. The scratch test provides a rapid indication of
hardnessand adhesion of acoating, but isnot quantitative. Thereareseveral
drawbacks. It is sometimes difficult to produce delamination due to the
tendency for ploughing, especially with soft coatings. Also, the loading
intensity to produceadhesionfailureisoftentoo highto correspondto actual
situations and the failure may be the result of substrate deformation rather
thantointrinsic adhesive properties.

5.10.3 Contact Fatigue Adhesion Test

There are adhesion tests that are more accurate and quantitative
than either the tape or scrape tests, but they are more suited to laboratory
and research and devel opment projects. Among theseisthe contact fatigue
adhesion test.[”®! Micro-impact testing, a repetitive contact method simu-
|atesthefatigue conditionsthat coatingsexperiencein actual service. Time
tofailureandthe overall changein probe depth during testing are measures
of the resistance of the coating to fracture. Figure 5.24 shows two contact
fatigue tests for a 15-um PET (polyethylene teraphthalate) coating on a
plastic substrate. Delamination of the coating (adhesion failure) occurred
after 200 seconds of sample oscillation (at 30 Hz) as noted by the rapid
displacement.
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Figure 5.24. Contact fatigue curves for PET coating on a polymer substrate.[75]
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Test Methods

Many test methods, as they relate to assuring reliability, were
discussedin Ch. 5. Inthischapter, specificdetail sof someof themorewidely
used methods for testing coatings are given.

Test methodsfor organic coatings may be characterized at various
levels, for example, thoseusedfor initial selectionanddesign, qualification,
receiving inspection, in-processcontrol, final inspection, and, if necessary,
forfailureanaysis. Test methodsmay also bebroadly classified as: Physical,
Electrical, Environmental, Thermal, and Chemical/Analytical (Table6.1).
Only afew of thehundredsof methodsusedtotest thequality and properties
of organic coatings and only those most applicable to electronics will be
discussed in this chapter. Properties more applicable to commercial and
industrial paints and finishes, such as gloss, color, and transparency are
omitted. Information on these procedures may be obtained from other
sourcessuchas ASTM, IPC, and | SO documents; from paint, varnish, and
coatings associ ations such asthe National Paint and Coatings Association,
the Paint Research Association, or the Coatings Division of the American
Chemical Society; or from companiesthat supply test instruments such as
BY K-Gardner of Columbia, M D and Paul N. Gardner Co., Pompano Beach,
FL.
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Table 6.1. Tests for Polymer Coatings

Physical/M echanical

Electrical

Environmental

Thermal

Chemical/Analytical

Viscosity
Density

Surface Tension/
Wettability

Adhesion

Thickness

Hardness

Film Integrity/Coverage
Abrasion Resistance
Flexibility

Water Absorption and
MVTR

Tensile Strength and
Elongation

Tear Strength

Stresses (cure shrinkage,
CTE mismatches)

Insulation Resistance
Volume Resistivity
Dielectric Constant
Dissipation Factor

Dielectric Breakdown
Voltage

Arc Resistance

Humidity Resistance
Salt Spray Resistance
Corrosion Resistance
Oxidation Resistance

Solvent and Chemical
Resistance

Radiation Resistance
Fungus Resistance

Thermal Conductivity

Thermal Stability (TGA,
RGA)

Phase Changes (DTA, T,)

Coefficient of Thermal
Expansion

Flammability
Temperature Cycling
Thermal Shock

Composition and Chemical
Changes (IR spectra, mass
spectroscopy, gas
chromatography, XPS)
lonic Content (water extract
resistivity, titration)

Elemental Analysis (flame
photometry, atomic absorptior
spectroscopy)

Voids/Delamination (acoustic
microscopy)
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6.1 PHYSICAL/MECHANICAL TEST
METHODS

Numerous physical and mechanical tests are available to measure
coatingsintheliquid state prior to curing and in the solid state after curing
or drying. Physical tests such asviscosity, density, and surface tension are
useful at the liquid prepolymer stage for quality incoming testing and in-
processtesting. Theintegrity of cured films, before and after various stress
conditions, may bedetermined by visual inspectionunder magnification (to
examinefor flaws, cracks, pinholes, blisters, or lossof adhesion) and by test
methods such asabrasion resistance, adhesion pull testing, and flex testing.
If necessary, more detailed and expensive anaytical methods such as
scanning electron microscopy (SEM), atomic force microscopy, and col o-
rimetric pinhole detection techniques can be employed while SEM of
surfaces, cross-sectioning, and other destructive physical analyses (DPA)
providevaluableinformation on failure modes and mechanisms.

6.1.1 Viscosity

Viscosity, ameasure of the flow behavior of aliquid, playsakey
role in initial receiving inspection of a coating and in its subsequent
application. Viscosity is a measure of the internal friction of the liquid
resulting from intermolecular forces of attraction and other interactions
among constituents. For most liquids, known asNewtonianliquids, viscos-
ity, a constant at constant temperature and pressure, decreases with an
increase in temperature, and increases with pressure.

Measuring theviscosity of aliquid or paste coating and comparing
it with aspecified valueisaninexpensive method and theresultsareagood
criterionfor accepting or rejectinganincominglot of material. Theviscosity
of a coating should also be tested periodically during processing since
variations occur during spraying or dip immersion of apart and adversely
affect the quality, uniformity, and thickness of the coating. Increases in
viscosity occur fromevaporation of solvent (for solvent-based coatings) and
from premature polymerization. Viscosity can becontrolled by adjustingthe
solvent, controllingthetemperature, or discardingthecoatingif itspot lifehas
expired.

Numerousmethodsandinstrumentsareavailablefor measuringthe
viscositiesof liquid coatings. Among themost widely used aretheBrookfield
viscometers. They comein several modelssuch asLV for low viscosities,
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RV for medium viscosities, and HA or HB for high viscosities. Regardliess
of model, multiple speeds and interchangeable spindles accommodate
different viscosity ranges. Coating viscositiesgenerally rangefromlow 30—
1,000 cps for most solvent-based coatings to medium 1000-5000 cps for
100% solids coatings and high, up to 100,000 cps for solder maskants and
polymer thick-film pastes. Typical test conditionsareBrookfield RV, 5rpm,
#5 spindleat 25°C for amedium viscosity coating, Brookfield HB, 5 rpm,
#14 spindle at 25°C for a high viscosity paste, and a Brookfield LV
viscometer for alow viscosity coating.

InadditiontotheBrookfieldviscometers, other instrumentsthat are
based on comparing the flow of the coating with standards can be used.
Among theseare bubbleviscometers, coneand plateviscometers, and flow
cups. A list of specificationsgoverning viscosity measurementsisgivenin
the Table5in Ch. 7.

6.1.2 Density

Thedensity of aliquid isthe weight per unit volume at a specified
temperature, usually 25°C. Thedensity of coatingsisoften used asaquality
control test to verify that changes have not been introduced in the coating
formulation by the supplier. Weight-per-gallon cups, also called pycnont
eters, meeting 1SOY or ASTM!? standards are used. Stainless-steel
cylindrical cups holding exact volumes are filled with the coating and
weighed. Cupsareavail ablehavingvolumesof 8.32ml, 83.2ml,and 100ml.
A multiplying factor isusedto convert theweight in gramsto pounds/gal or
tospecificgravity. Besidesthese cup methods, other methodsfor measuring
density are described in 1SO-2811-2 to -4.13)

6.1.3 Surface Tension and Contact Angle

A knowledge of the surface tensions of both the coating and the
substratetowhichitwill beappliedisimportant in predicting thewettability
and subsequent adhesi on of the cured or dried coating. Asageneral rule, the
surfacetension of the coating should be lessthan the surface tension of the
substrate. Additivesare often added to coating formulationsto reducetheir
surface tensions and surfaces such as polyethylene and Teflon are chemi-
caly or mechanically treated to increase their surface tensions. Various
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instruments for measuring surface tension known as dynometers or tensi-
ometers are available. Of these, the DuNouy tensiometer has been used for
decades to measure surface tension. It is based on measuring the force in
dynes/cm required to pull a horizontally suspended platinum ring from a
liquid. The test method is described in ASTM D971 and ASTM D1331.14

M easuring the contact anglethat aliquid makeswithasolid surface
is a measure of the wettability of the liquid to that surface as well as the
cleanlinessof thesurface. Theheight of awater droplet onasurfacerelative
to the base area it coversisindicative of the surface's affinity to wetting.
Contact angles going from 90 degrees to 0 degrees indicate progressive
improvement in wettability with O degrees being completely wettable.
Contact anglesincreasing from 90 degreesto 180 degreesindicate progres-
sively poorer wettability with 180 degrees being compl etely non-wetting.

Contact angle meters, known as goniometers, are useful quality
control tools to assure that a cleaning process has removed hydrophobic
residuesor that aliquid coatingwill wet and adhereto asurface. I nstruments
to measure surface tensions and contact angles are available from Paul N.
Gardner Co. or BYK-Gardner.

6.1.4 Visual Inspection

Microscopic inspection is the simplest method to determine the
existence of mgjor flawsin acured coating. Inspection at 30 timesis often
al that is necessary to ascertain anomalies such as voids, blemishes,
discolorations, and delamination in the coating. Most coatings are now
formul ated withasmall amount of ultraviolet (uv) indicator sothat theextent
of coverage can be determined by examining the coated part under a uv
lamp. Automatic optical inspection equipment isalso available.

6.1.5 Adhesion

In practice, three test methods are used to measure and compare
adhesion, the resistance of coatings to separation from the substrates to
which they are applied.

» Tape Adhesion Test (also called the Cross-cut or
Cross-hatch Test)

» Scrape Adhesion Test
» Pull-off Test
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Tape Adhesion Test. According to this rather simple, but semi-
guantitativetest, apattern of linesiscut throughthecoating tothe substrate,
apressure-sensitive adhesive tapeis applied, and the tapeis pulled rapidly
at a90° angle. Both the tape and the substrate are examined to determine
how much coating, if any, was detached and they arerated on an | SO scale
of 0to5. A simplepatternconsistsof an X cut, but aright-angl el atticepattern
of either six or eleven cutsin each direction providesmorequantitativedata.
Standard patterns are defined in ASTM D33591°! and 1S0-2409.161 A
recommended tapeisPermacel 99 (Permacel, New Brunswick, NJ).Figure
6.1 pictorially showsthe different adhesion classifications. The effectson
adhesion of accelerated humidity and temperature or temperature cycling
can be determined by first subjecting the coated specimensto the acceler-
ated conditions, then performing the adhesion test.

Scrape Adhesion Test. There are anumber of adhesion tests that
are based on scraping or scratching the surface of acoating. According to
one method, the coating is deposited and cured on aflat metal panel which
isthen pushed beneath arounded stylusor loopthatisloadedwithincreasing
weights until the coating detaches from the panel. A variety of scratch
testerd 18 is commercially available that meet the requirements of ASTM
specifications such asASTM D2197, D2454, and D5178.

Pull-off Test. According to thistest, the minimum tensile stressto
detach or rupture the coating in a perpendicular direction is measured. A
loading fixture is adhesive bonded perpendicular to the surface of the
coating. After the adhesive has been cured, atesting apparatusis attached
to theloading fixture and aligned to apply tension perpendicular to the test
surface. Theforce applied isgradually increased and measured until either
aplug of coating material is detached or a specified value isreached. The
adhesiveused must besuchthat itsstrength tothe coating isgreater than the
adhesive strength of the coating to the substrate.

6.1.6 Thickness Measurements

Numerous methods and instruments may be used to measure
thicknessesof coatingsbothinthewet stageandthecured stage. Thesimple
micrometer method, ASTM D1005, isuseful morefor test panelsthanfor
actual parts because sections of the parts must be masked off to obtain an
initial thicknessreading of thepartitself andthebasepart isusually toothick
or bulky to measure with amicrometer. More useful methods are based on
magnetic flux and eddy current measurements. ASTM D1186,[19 for
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example, describes two methods for the nondestructive measurement of
dry-film thicknesses of nhonmagnetic coatings on ferromagnetic surfaces.
Test method A utilizes aspring calibrated to measure the force required to
pull apermanent magnet from the coated ferrous substrate. Theinstrument
must make good contact with the coating. The magnetic force of attraction
varies inversely with the thickness of the film. In method B, a probe in
contact with the coating measures the magnetic flux, whose value was
previously calibrated with known thicknesses of thefilm.

Theeddy current method, ASTM D1400,*Y isanother widely used
nondestructivemethod for measuring thicknessof coatings—inthiscase of
nonconductive coatings on a nonferrous base. According to this method, a
probeindirect contact withthecoatingisenergized by an alternating current
that induces eddy currents in the metal substrate. The currents, in turn,
create opposing alternating magnetic fieldsin the substrate that modify the
electrical characteristicsof the probe coil. Theextent of change dependson
the distance between the probe and the metal, namely the thickness of the
coating.

Other thickness measurements may be made using alight-section
microscope, aninterferometer, or anellipsometer. Ellipsometersareusedto
measurethethicknessand monitor thequality of thindielectricfilmsandalso
to analyze surface roughness and defects. Ellipsometry isbased on the fact
that polarized light is altered when reflected from both plain and coated
surfaces. From a coated surface, the analysis of the elliptically polarized
reflection can be used to determine the thickness of the coating and its
refractive index.

6.1.7 Hardness Testing

The Sward hardnesstest isapopular and widely used method for
measuring hardness. Thistest isbased on the principlethat the amplitude of
oscillation of arocking device decreasesmorerapidly the softer the surface
of acoating on which thetest is performed. Thetester (Fig. 6.2) automati-
cally records the number of swings made by a standard rocker in contact
with the test surface before it comes to astop. The rocker is placed on the
test sasmple and isrolled to theright until the bubblein theleft-hand vial is
visible. Therocker isthen released and each total appearance of the bubble
intheright-hand vial iscounted. The counter isstopped whenthe bubbleis
no longer seen. The automatic counter is based on the photoel ectric-eye
principle; ashutter ontherocker interruptsthelight beam once during each
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ISOClass.: 0/ASTMClass.: 5B

The edges of the cuts are completely smooth; none of the
squares of lattice is detached.

ISOClass.: 1/ASTMClass.: 4B

Detachment of small flakes of the coating at the intersections
of the cuts. A cross-cut area not significantly greater than 5%

is affected.

ISOClass.: 2/ASTMClass.: 3B

The coating has flaked along the edges and/or at the inter-
sections of the cuts. A cross-cut area significantly greater
than 5%, but not significantly greater than 15%, is affected.

Figure 6.1. Pictorial representations of degrees of adhesion by the tape pull test.
(Courtesy BYK-Gardner.)
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ISOClass.: 3/ASTMClass.: 2B

The coating has flaked along the edges of the cuts, partly or wholly
in large ribbons, and/or it has flaked partly or wholly on different
parts of the squares. A cross-cut area significantly greater than
15%, but not significantly greater than 35%, is affected.

ISOClass.: 4/ASTMClass.: 1B

The coating has flaked along the edges of the cuts in large
ribbons, and/or some squares have detached partly or wholly.
A cross-cut area significantly greater than 35%, but not
significantly greater than 65%, is affected.

ISOClass.: 5/ASTM Class.: 0B
Any degree of flaking that cannot even be classified by classification 4.

Figure6.1. (cont'd.)
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completeoscillation. Thecoatingisnormally appliedtoarigid, thinsubstrate,
such asaluminum. Thetest isreported to be sensitiveto+ 1 unit.!'d Values
are referenced to the value for polished glass, which is taken as 100.

Figure 6.2. Sward Hardness Rocker. (Courtesy Paul N. Gardner Co.)

Other widely used hardness measurements involve indentation of
thecoating using variousinstruments. Oneof these, thedurometer, isasmall
portabl espring-loadedindentor that, pressedintothesampl e, givesarel ative
analog or digital readingona0to 100 scale. The Shore A durometer isused
for soft materials, Shore B for moderately hard, Shore C for medium hard,
and Shore D for hard materials. Proceduresfor durometer hardnesstesting
aregivenin ASTM D2240.1*3

TheBuchholzindentation tester** and Barcol impressor! aretwo
more examplesof easy-to-use portabl e hardnesstesters. Some commercial
instruments have the capability of measuring Buchhol z hardness, adhesion
by cross-hatch, and thickness, and all with one portable i nstrument.! 6]
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6.1.8 Pinhole Detection and Porosity Tests

Tests for the detection of pinholes have been covered in Ch. 5
“Reliability Testingand Assurance.” Porosity testsareespecially important
in determining the penetration of moisture through a coating, for example,
moisture vapor transmission rates as described in Sec. 6.1.12. Besides
moisture, porous coatings also permeate ambient gases such as sulfur
dioxideor other sulfur and nitrogen-containing pollutantsthat, together with
moisture, produce corrosive acids.

Scanning electron microscopy and acoustic microscopy of coated
surfaces and cross-sections are two high-resol ution methods used to study
themorphology of coatings. A simpler testinvolveschangesinreflectance
of acoating surface after applying a penetrating colored dye. For aporous
surface, the dyewill have a high degree of penetration and will change the
reflectance properties of the original coating. The dye is applied to the
surface, the excess wiped off, and reflectance remeasured according to
ASTM D3258.[%]

6.1.9 Abrasion Resistance

Themost widely used test for abrasionisthe Taber Abrasion Test,
asdescribed in ASTM D4060.18! According to this test, two standardized
abrading wheels are contacted against a rotating sample that consists of a
coated 4-inch square metal panel having a center spindle hole. The panel,
weighed to the nearest milligram, is placed on aturntable that rotates at a
constant speed while the two abrading wheels are fixed on each side of the
spindle in direct contact with the coating. A fixed load, generally 1,000
grams, is attached to the wheels (for example, Calibrase C-17 wheel) and
theweight loss of the coating after a specified number of cycles, generally
1,000, ismeasured. Thetype of abrading wheel, number of cycles, andload
should be specified. The abrasion test can be customized by varying the
abrasiveness of the wheels, the weight on the wheels, and the rotations of
the sample. In the equipment (Fig. 6.3), a built-in tachometer records the
number of turntable revolutions while a vacuum attachment removes the
abraded particles from the surface. Results are reported as either the
number of cyclesto failure per mil of coating thickness or the weight loss,
inmilligrams, for aspecified number of cycles, ranging from 100 to 1,000,
referred to as the Taber wear index.
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Figure 6.3. Taber Abraser, dual sample Model 5150. (Courtesy BYK-Gardner.)

6.1.10 Flexibility

Although the modulus of elasticity, percent elongation, andtensile
strength givequantitativedataontheflexibility of acoating, anempirical, but
practical and inexpensivetest, consists of bending acoated panel around a
mandrel and observing any failures due to cracking or loss of adhesion.
Several variationsof thistest are defined by | SO and ASTM specifications.
1SO-15191"9 specifies the use only of cylindrical mandrels, while ASTM
D522 and 1S0-686012% describe the use of conical mandrels, the latter
providing much more information in a single test since the cone mandrel
providesalarge variety of bending radii in onetest.

The impact test, also called the falling-weight test, is a second
method to measure the durability of acured coating. According to thistest,
acoated panel issubjected to deformati on caused by dropping aweight from
aspecified height. Animpact tester isused that consistsof asolid basewith
aguidetubesupport. Thetubehasasd ot toguideanddirect thefallingweight.
A coated panel isplaced under thepunch, theweight liftedtoadesired height
and allowed to free fall onto the panel. Damage to the panel is viewed
visually or under magnification. The force of impact isequal to the height
timestheweight andisrecordedinin-Ib or m-kg. In addition to indentation
on the coated side, bulging can be determined if the uncoated sideis also
subjected to thefalling weight.
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6.1.11 Water Absorption

Water absorption for a cured sample of given formulation is
reported asthe percent of water absorbed at a given temperaturein agiven
periodof time. A precisely weighed amount of material isimmersedinwater
at agiventemperatureor exposedto ambientsof variousrelativehumidities
at giventemperaturesand periodically weighed until moisturesaturationhas
been achieved at which point no further increase in weight occurs. Precise
gravimetric measurements are generally made using a microbalance or
€lectrobalance. Inarather new automatic method, Dynamic V apor Sorption
(DVYS)*, the sampleis placed on a Cahn electrobal ance, then exposed to a
continuousflow of air at apredetermined and constant rel ativehumidity. By
plotting the sample mass as a function of time and varying the relative
humidity of the air flow, water sorption and desorption curves can be
obtained. Figure 6.4 shows a schematic of the DV S analyzer and Fig. 6.5
showstheinstrument.Figure6.6 givessampl eabsorption curvesfor Dexter
FP4450, an epoxy encapsulant, uncoated and overcoated with silicon
oxynitride.!?!

Suppliersgenerally measureand report water absorption databased
on ASTM D570-98/%? where aweighed sampleis exposed for 24 hoursin
water at room temperature or at an elevated temperature and then re-
weighed. Thisis aconvenient and rapid method to compare coatings, but
may not represent the full saturation amount which may take weeks to
equilibrate.

6.1.12 Moisture Vapor Permeability

Two widely used methods for measuring the permeability of
moisturethroughacoating (moisturevapor transmissionrate) aredescribed
in ASTM E96-0012%l and ASTM D1653-93.24 ASTM D1653-93 definesa
permeability cup method in which apinhole-freefilm of the coating is cast
and applied over the mouth of awide shallow cup or dish that contains a
desiccant such as anhydrous calcium chloride or magnesium perchlorate.
Thecup consistsof ashallow cylinder withathreaded flange, aflat retaining
washer, and a threaded ring cover (Fig. 6.7). A rubber gasket is used to
tightly seal the film between the cup and the ring cover. The sealed part is

*Dynamic Vapor Sorption (DVS)® is a trademark of Surface Measurement Systems
Ltd-NA.
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next accurately weighed on a microbalance and placed in a chamber of
controlled humidity and temperature whereby the desiccant draws water
vapor throughthe coating filminto the cup. The cupisthen reweighed after
aspecifiedtimeperiod, normally 24 hours. Fromthesurfaceareaof thefilm,
its thickness, and the weight gain of the desiccant, the MVTR can be
calculated and reported in standardized units so that various coating types
and formul ations can becompared. Thisiscalled the Dry Cup or Desiccant
method. An alternate method istheWet Cup or Water method in which the
process is reversed: the cup contains the water and the desiccant is
contained in the enclosed chamber. Different relative humidities can be
produced in the enclosure by using saturated sol utions of variousinorganic
salts maintained at constant temperature. Both methods require that the
coating isfreeof pinholesor other imperfectionsandistightly sealed to the
cup.

6.2 ELECTRICAL TESTS

The main electrical properties related to organic coatings are:
insul ation resi stanceand volumeresistivity, diel ectric constant and di ssi pa-
tionfactor (derived from capacitance measurements), diel ectric breakdown
voltage (dielectric strength), and arc resistance. These electrical param-
eters were discussed in Ch. 1, “Functions of Coatings.” Test methods,
definedin ASTM, IPC, Military and Federal specificationshave been used
reliably for many decades by both suppliers and users of coatings. For
example, ASTM D150 for dielectric constant and dissipation factor and
ASTM D149 for dielectric strength are universally used. These and other
electrical test methods are listed in Table 7.4 of Ch. 7.

6.3 ENVIRONMENTAL EXPOSURE TESTS

Predicting the reliability and life expectancy of polymer coatings
and coated electronic hardware requires exposureto various accel erated or
simulated environments. Environmental chambersareavailabletotest parts
at different temperatures, humidities, radiation exposures, pressures, chemi-
cals, and bioorganisms.
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Figure 6.4. Schematic of dynamic vapor sorption analyzer. (Courtesy of Surface

Measurement Systems Ltd.)
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Figure 6.5. Dynamic vapor sorption analyzer. (Courtesy Surface Measurement
Systems Ltd.)
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Figure 6.6. Water absorption curves using the DVS Analyzer.[21]
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Figure 6.7. Moisture permeability cup. (Courtesy BYK-Gardner.)

6.3.1 Temperature and Humidity Testing

Ovens are available to test parts at elevated temperatures or low
temperatures in air, nitrogen ambient, or vacuum at either a constant
controlled temperature or with programmed temperature cycling. Other
chambers combine temperature with humidity and both temperature and
humidity can bekept constant or cycled. The 85/85test (85°C/85% RH) for
1,000 hourswith or without power or abiasispopular inqualifying plastic-
coated or encapsulated devices.

In recent years, test chambers with highly accelerated conditions
have been developed to obtain data in a matter of hundreds instead of
thousands of hours. Among these tests are the HAST (highly accelerated
stress test) and PCT (pressure cooker test). In HAST, in addition to
temperature and humidity, the parts are subjected to at | east 2 atmospheres
of pressure asin an autoclave. Conditions can be varied, but are generally
either 121°C and 85% RH at 2 atmsor 130°C, 85% RH and 2 atm asdefined
in JEDEC Standard 22-A110.12°! Althoughthe JEDEC document alsoallows
a 140°C temperature condition, this condition is not advisable sinceit is
known that moisture reduces the effective T, of a polymer and that stress
temperatures above the T, lead to failure mechanisms unrelated to the
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normal degradation mechanism or to the standard 85/85 stress test. In
HAST, the parts are biased or powered during the exposure.

The PCT test isessentially HAST without the electrical power or
bias as defined in JEDEC Standard A102-A.1%61 Both HAST and PCT are
destructive tests used primarily for qualification, life prediction, or initial
material selection.

Other simpler environmental chambers can be used to produce
relativehumidity environmentsat constant temperatures. Constant humidity
ambients may be generated by confining the parts in a desiccator over
saturated agueous solutions of various inorganic salts at some specified
temperature. Some of these salt solutions, temperatures, and the respective
humidities generated are given in Table 6.2. Other relative humidities
ranging from 3.2% to 100% may be produced from agqueous solutions of
sulfuric acid at various concentrations and temperatures.[?”]

6.3.2 Weatherability

Weatherability chambers such as the Atlas Weather-Ometer” are
used to simulate and accel erate outdoor exposureconditions. They areused
extensively by manufacturersof commercial productsto determinedeterio-
rationfromthecombined effectsof sunlight, temperature, humidity, andrain.
Coatingsand paints used for corrosion protection of electronic enclosures,
connectors, and printed wiring boards can be evaluated to determine their
performance under various terrestrial environments such as temperate,
subtropical, ortropical.

IntheWeather-Ometer, ahigh-intensity xenon-arclampissituated
a the center of a stainless-steel chamber. Specimens to be exposed are
mounted on abarrel-shaped rack that rotates about the center of the lamp.
The shape and motion of the rack are designed to uniformly enhance the
irradiation. Atomized water isintroduced into acompressed stream of air to
generatevariousrelativehumidity conditions. If desired, simulated raincan
be produced from an array of water nozzles. The lamp output simulates
sunlight.

All four exposure parameters can be increased to accelerate the
testing. The percentage of time that the part is exposed to the simulated
sunlightina24-hour period canbeincreasedto 100%andlight level sgreater

*Weather-Ometer® isatrademark of AtlasMaterial Testing Technology LLC.
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than “one sun” can be used. Superimposed on this added radiation, higher
air temperatures and humidities can be used.[?®!

Table 6.2. Constant Humidities of Aqueous Solutions of Inorganic Salts

Saturated Acg;:eous Solution Formula Temp, °C | % Humidity
Sodium iodide Nal 100 50.4
Sodium bromide dihydrate NaBr - 2H,0 20 58
Magnesium acetat e tetrahydrate | Mg(C,H;0,), - 4H,0 20 65
’QOTQELT&{?:;‘;“"E and NH,Cl, KNO, 25 71.2
Sodium ecetate trihydrate NaC,H;0, - 3H,0 20 76
Ammonium chloride NH,CI 20 79.5
Ammonium sulfate NH,SO, 20 81
Potassium bromide KBr 20 84
Zinc sulfate septahydrate ZnSO, - TH,0 20 90
Sodium sulfite heptahydrate NaSO0;, - 7H,0 20 95
Copper sulfate pentahydrae CusO, -5H,0 20 98

6.3.3 lonizing Radiation Exposure

A cobalt-60 sourceisthe preferred source for total dose radiation
testing becauseit penetratesall the electronicsand packagesand uniformly
irradiates the part. Cobalt-60 producesa 1.1 and 1.3 MeV gamma pair. A
testing procedureisdefinedin MIL-STD-1019.5, according to which parts
areirradiated over aperiod of several days or weeks. Generally, for space
missions, where the dose rates are low, the total doses are high due to the
lengths of themissions.

6.3.4 Fungus Resistance

Fungus resistance tests are used to determine the resistance of
materialsto various species of fungi under favorable growth conditions of
high humidity, warm ambient, and the presence of inorganic salts. One
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method, widely used to test polymer coatings for fungus resistance, is
described in |PC-TM-650, Method 2.6.1.1.12% Directions are given for the
careful preparation of spore suspensionsof fivedifferent fungi (Table6.3).
A mixed suspension of thefivedifferent sporesisprepared and sprayed onto
coated glass dides to inoculate them. At the same time, control samples
coated with amaterial knownto befungusnutrient arealsoinoculated. The
samplesare stored in anincubator chamber at 30°C and arelative humidity
of >85% and examined after 7 days. I f boththenutrient controlsandthetest
specimens show fungus growth, the test coating is considered fungus
nutrient. If the control shows growth, but the test specimen does not, the
incubation period is extended for a total of 28 days. The test coating is
considered resistant to fungus if, at the end of thistime, it does not show
fungus growth. Some specimens may show corrosion that must be distin-
guished from fungal growth and reported as such.

Other test methods for fungus resistance are listed in Table 7.5,
Ch. 7.

Table 6.3. Mixed Spore Suspension for Fungus Resistance Test[?9

Description of Fungus ATCC* Number
Aspergillus niger 9642
Chaetomium globosum 6205
Gliocladium virans 9645
Aureobasidium pullulans 9348
Penicillium funiculosum 9644
* American Type Culture Collection

6.4 THERMAL TESTS

Thermal testing comprises tests to measure thermal conductivity,
thermal stability and phase changes, and flammability.

6.4.1 Thermal Conductivity and Test Methods

Thermal conductance and conductivities are derived from the
Fourier equation given below. Thetotal amount of heat amaterial conducts
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rectly proportional to the surface area, the time of contact, and the
temperature gradient and is inversely proportional to the thickness of the
sample, according to the equation

Eq. (6.1) Q< (T, _Tl)%

total heat flow in joules (J)

A = surface area, n?

d = thicknessof sample, m

T, = temperature of the hot surface, °C or K

T, = temperature of the cold surface, °C or K
t = time, sec

where:  Q

When aproportionality constant, k, isintroduced, thethermal conductivity
equation becomes

Eq.(6.2) Q=Kk(T, —Tl)%

and k= Qd = J
(T,-T)At mKsec

) J watts

since watts=—;K =——+

SEc m-K

The congtant kisamaterial constant called the coefficient of thermal
conductivity. It is the time rate of heat flow under steady-state conditions
through aunit areaand unit thicknessper unittemperaturegradient. Thermal
conductivities of electronic materials are generally expressed as watts per
meter per degree Kelvin (watts/m-K).

Several methodsfor measuring thermal conductanceareavailable,
of which theguarded-hot-plate and heat-flow meter methods are the most
widely used. Themost accuratemethod for plasticshaving thermal conduc-
tivities of 3.4 x 1073 cal/(sec)(cm)(°C) or less (most filled and unfilled
polymers) istheguarded-hot-platemethod asdescribedin ASTM C177.1301[31

Guarded-hot-plate Method. Two types of guarded-hot-plate
apparati can be used. They are similar in principle, but differ somewhat in
construction. One example, shown inFig. 6.8, consists of three sections: a
central heating plate, guard heating plates, and cooling plates. The guard
portion insures unidirectional heat flow from the central heater and
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eliminates any influencesfrom the edge of the sample. Thermocouplesare
located at various positions in the guarded hot plate to measure the
difference between thetemperature of theguard ring and central heater and
the temperature of the hot and cold surfaces. The central heating unit and
cooling unitsare adjusted until the temperature drop through the two sides
doesnot differ by morethan 1% and the fluctuation over aone-hour period
isno greater than 0.5% of the temperature difference between the hot and
cold plates. When equilibrium is reached, measurements are taken of the
temperature differences across specimens; the hot-plate temperature, T,;

the cold-plate temperature, T,; and the electrical power input, Q, to the
central heater. Knowing the thickness and area of the sample, the thermal

conductivity canbecal culated using thethermal conductivity equationgiven
above. The sample thickness may vary with the maximum thickness based
oncalculationslistedin ASTM C177.3%
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Figure 6.8. Schematic for guarded-hot-plate apparatus.

Heat-Flow-Meter Method. The steady-state thermal transmis-
sionpropertiesof aninsul ator can bemeasured using aheat-flow meter. This
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isasecondary or comparative method of measuring thermal conductivity
since only the ratio of the thermal resistance of the specimen to that of a
standard specimen is measured. According to this method, described in
ASTM C518,1%2 a sample is placed between awarm and cold plate. The
meter measures heat flow through the specimen by generating atempera-
ture difference across a slab of material of known thermal resistance.

A calibration curve is generated using samples of known thermal
conductivities. These samples should have thermal conductivities closeto
those expected of the samplestested. Sample thicknesses may range from
0.001 to 0.8 inches, but for accuracy, the sample should have a C value
(thermal conductivity divided by samplethickness) of lessthan400W/m.K.
In the heat-flow meter method, the spacing between the warm and cold
platesisbased onthetheoretical maximum thi cknessof the specimensinthe
conventional guarded-hot-plateapparatus. Cal cul ationsof thisspacing may
befoundin ASTM C518.

6.4.2 Thermal Stability

Withincreasingtemperature, organic coatingsand plastic materials,
in general, undergo avariety of changes from simple changes of state (for
exampl e, melting, softening, subliming, or glasstransition phasechanges) to
catastrophic decomposition dueto fracture of the polymer structure, oxida-
tion, and outgassing of decomposition products. The thermal limits of a
coating should beknown or measured to assurethat thematerial will remain
stable under the actual operating conditions or accelerated conditions, if
those are used as screening or qualifying tests. Key methods used to assure
thermal stability include TGA, DTA, TMA, Infrared (IR) spectrographic
analysis, gaschromatographicand massspectrometricanalyses, and changes
in mechanical properties such as tensile strength and elongation. These
analytical methodsmay al so beused to study chemical and physical changes
that occur from exposure to varioustypes and intensities of radiation. The
degradation products of radiation often parallel those from thermal expo-
sure.

Thermal Gravimetric Analysis. Thermal gravimetric analysis
(TGA) has been used for many decades as a quantitative measure of the
total weight loss of outgassed productsfrom polymersasthey are heated at
acontrolled rate. A TGA apparatus consists of a precision electrobalance
contained withinacontrolled temperatureoven suchthat thechangeinmass
of a sample can be dynamically measured as a function of increasing
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temperature. The temperature is increased at a programmed rate or the
sample may be kept at constant temperature and weight changes recorded
asafunctionof time(isothermal gravimetricanalysis, IGA). Sampleweights
of several milligrams to several grams can be accommodated and weight
losses or gains as little as 0.5 micrograms can be measured. The pro-
grammedrateof temperatureincreaseisnormally 10°C per minute. Weight-
lossversustemperaturecurves(TGA curves, a'soknown aspyrograms) are
useful in determining the onset of outgassing, theweight loss at aspecified
temperature, and the temperature at which total decomposition occurs.
TGAsmay be conducted in nitrogen or, whenthermal oxidative stability is
being evaluated, inair.

Thermogravimetric analyzers may be connected to a variety of
chemical analyzers to determine the exact composition of the outgassed
materials as they are evolved. Among chemical analysis methods are gas
chromatography, infrared spectroscopy, and mass spectroscopy; for ex-
ample, aTGA apparatus may be coupled withaFTIR (Fourier Transform
Infrared) spectrophotometer to measurethethermal oxidative stabilitiesof
several fluorinated polyimides.[%3]

Differential Thermal Analysis. In differential thermal analysis
(DTA), aso known as differential scanning calorimetry (DSC), the heat
input (endotherm) or heat generated (exotherm) of amaterial iscontinuously
monitored while it is subjected to a controlled temperature increase. The
heat changes measured correspond to phase changes that occur at the
indicated temperature, for example, they may consist of glass transitions,
softening or melting, oxidation, sublimation, or decomposition—all charac-
teristicsof agiven material [34-38 A pplicationsincludedetermination of the
degreeof cureandthermal stability of polymericmaterials. Like TGA, small
sample sizesin the low milligrams are used. The heating rate may be 5 to
20°C/min, and the thermal exposure may be conducted in an inert or air
ambient.

Thermomechanical Analysis. Thermomechanical analysis(TMA)
isusedto measureamaterial’ sexpansion coefficient or deflectiontempera-
ture under load. Thermomechanical analysis continuously monitors the
expansion or contraction of asample asafunction of loading and tempera-
ture. Numerous references and books on thermal analysis are cited by
Wunderlich.[¥
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6.4.3 Flammability

Flammability testsfor coatings and other polymeric materials are
governed by several documentsincluding ASTM D635, UL-94, UL-1581,
and NASA-STD-6001.138 Since the Apollo fire in 1966, considerable
attention has been given to the materials used in all manned spacecraft.
Flammability testsinair and in oxygen have been devel oped and thousands
of material stested and rated based ontheir degreeof flammability. All flight
hardwareusedin NA SA manned space programsmust now comply withthe
requirements of NASA-STD-6001. In this specification, a nonflammable
material is defined as one that self extinguishes within six inches when
ignited and does not propagate aflame by transferring burning debris. The
standard chemical ignition sourceisenergy of 750 + 50 cal, 2000 + 160°F,
for 25 £ 5 sec.

A variety of bench-scale equipment isavailableto produce precise
analytical data used to predict full-scale fire performance. Samples are
exposedtoacontrolledflameinhorizontal, vertical, or combined horizontal -
vertical flame chambers that meet UL requirements.[3%

In general, polymer coatings do not constitute amajor fire hazard
since they are used in small amounts and in thin layers. Many, such as
polyimides, silicones, andfluoropolymers, areinherently nonflammable. In
fact, somefluoropolymer coatingssuchasFluorel* areused asan overcoating
to protect flammabl e plastics from burning.

6.5 CHEMICAL/ANALYTICAL TESTS

A widevariety of chemical andinstrumental methodsareavailable
for analyzing chemical structures, composition, outgassing products, and
productsof decomposition of organic material sresulting from exposuresto
elevated temperatures, humidity, or radiation. Some of these methods are
particularly useful inconducting failureanalysesof el ectroniccircuit boards
and modules.[*91 Because of the expense of equipment and the expertise

*Fluorel® is a tradename of 3M Co.
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involved, most companies procure the services of certified analytical
laboratories. A few of the methods and instruments most widely used in
electronics are discussed below.

6.5.1 Infrared Spectroscopy

Infrared spectroscopy (IR) isan excellent method for determining
chemical changes that occur in organic materials through decomposition,
oxidation, polymerization, reactionswith other compounds, or changesinthe
formulation.

Infrared spectroscopy is aso a valuable tool for detecting and
identifying organi ccompounds, polymer types, impuritiesincompounds, and
for quantitative analysis of mixtures of compounds. Infrared spectraresult
from different modes of vibration and rotation within a molecule. Pure
rotational spectra occur at the long wavelengths (greater than 25 um). At
shorter wavel engths, the radi ati on has sufficient energy to causechangesin
vibrational levels of the molecule. Thus, the frequencies of vibration are
related to the masses and binding forces of the atoms which become the
basisfor infrared in determining the structure of acompound. Theregion of
most interest fortheanalysisof organic materia sliesbetween2 umand 15 pm
where specific groups absorb at definite frequencies or wavelengths.

The percent absorption or transmission of infrared radiation by a
material when scanned over wavel engths of approximately 2 umto 15 um
providesa“fingerprint” of thematerial thatisuseful indeterminingtheexact
nature of the compound. Absorptions at specific wavelengths in the near
infrared areindicative of various groups within amolecul e such asamino,
carboxyl, keto, or hydroxyl groups, while absorptionin thefar infraredis
indicative of the nature of the molecule asawhole. The spectrum obtained
may al so be compared with spectraof known compoundsasrecordedinthe
literature.[42143]

6.5.2 Gas Chromatography

In gaschromatography, the components of amixture are separated
by volatilizing the sample and passing the gases through a column of solid
porous material of 20 to 200 mesh or onto thin layers of finely divided
solids. Inonemethod, gas-liquid chromatography, thesurfaceof thepacking
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iscoated with anonvolatileliquid (the stationary phase). If theliquid isnot
present, the process is called gas-solid chromatography. The principle of
chromatography is based on the different rates at which the chemical
components pass through the packing material and their detection as
separate species asthey exit the column. The components may be detected
by thermal conductivity changes, density differences, or by ionization
detectors.

6.5.3 Mass Spectrometry

Mass spectrometry isan excellent analytical method for the quan-
titative measurement of trace amounts of gases and low molecular weight
organic species. In residua gas analysis (RGA), the outgassing from
coatings and other organic materials such as moisture, carbon dioxide,
carbonmonoxide, andlow mol ecul ar weight hydrocarbonscan bemeasured
inlow partsper million.

By massspectrometry, mol ecul esarefirst activated and di ssociated
into ionic fragments that are then separated according to their charge-to-
massrati 0s. M assspectrometersessentially consist of four parts: equi pment
to ionize the sample, an ion accelerator, an ion separation system, and a
detection system. The sample may be ionized by bombardment with
electrons from a heated filament or by several other means. The ions
produced are then accel erated and focused el ectrostatically and separated
according to their atomic masses while traveling through amagnetic field.
A variation of magnetic separation equipment, widely used today, is the
guadrupol e mass spectrometer. Thisequi pment consists of four cylindrical
rods arranged in an orthogonal array. Opposite rods are electrically con-
nected and opposite voltages applied. The positively charged pair actsasa
low-mass pass filter while the negatively charged pair acts as a high-mass
passfilter. By adjusting thevoltagesonthetwo pairsof rods, thequadrupole
is made into a narrow bandpass mass filter. The separated ions are then
detected electrically. Theion beams are scanned across a collector where
they pick up electronsand generate an electric current that isamplified and
analyzed by computer. Aswith infrared spectra, an extensive database of
mass spectra of chemical compounds is available and can be used to
compare with the mass spectrograph of an unknown to verify its nature.[43]
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6.5.4 Elemental Analysis

Thetotal ionic content and the amounts of specific metal ionssuch
assodiumand potassium grestly affect theel ectrical propertiesof acoating
and of the electronic circuits they are intended to protect. A simpletest to
determine the total ionic content of a polymeric materia is to digest a
weighed powdered sampl ein deionized water and measuretheresistivity of
the water extracts. This test gives a rough idea of the extent of ionic
contaminants in the sample. For example, a drop in resistivity from 10
megohm-cm to 10,000 ohm-cm indicates a considerable amount of ionic
species. Exact elemental analysiscan then be performed by evaporating of f
the water and analyzing the residue by atomic absorption spectroscopy or
flamephotometry. Theseareemission spectrographic methodswhereby the
atomsor molecul esof the sample on being excited by energy input from an
arc, spark, or flame, emit wavelengths of radiation as they return to the
normal state. Thesewavel engthsindicatequalitatively and quantitatively the
atomic species present in the sampl e. The spectraof the elements consist of
linesof distinctivecolor, for example, theyellow sodium D linefor sodium.
Thespectraof moleculesconsist of groupsof linescalled bands. Thenumber
of linespresent inan emission spectrum dependson the number and position
of the outermost electrons and the degree of excitation of the atoms.

A simplequalitativetest for chlorideionsconsistsinimmersing or
swabbing the part in deionized water and adding afew dropsof 0.1N silver
nitrate solution to the water extracts. A white turbidity or precipitate
indicatesthat aninsolublesilver chloride hasformed and that chlorideions
may have been present. The test, however, is not entirely specific for
chlorides since a few other anions such as sulfate also form an insoluble
compound and must then bedistinguished by other qualitativeor quantitative
methods.

6.5.5 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS), also known as ESCA
(Electron Spectroscopy for Chemical Analysis), isbased on the g ection of
electrons from a surface when photons impinge on it. Photon sources are
usualy Al Ko, (1486.6 ev) or Mg Kot (1253.6 ev). XPS analysisis highly
surface specific dueto the short range of the photoel ectronsthat are excited
from the solid. The analysis must be performed in ultrahigh vacuum. The
energy of the photoelectrons leaving the sample are determined using a
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concentric hemispherical analyzer that gives a spectrum consisting of a
series of photoelectron peaks. The binding energy of the peaksis charac-
teristic of each element. The peak areas can be used with appropriate
sensitivity factorsto determine the composition of the material surface. A
compilation of X PS spectraisavailablefor comparison and verification of
results.[* X PS can detect all elements except hydrogen and helium.

6.5.6 Acoustic Microscopy

Surface acoustic microscopy (SAM) is an ideal nondestructive
method for revealing internal flaws within and between materials. It is
particularly useful intheanalysisor evaluation of many types of electronic
parts, including ceramic and plastic encapsul ated | Cs, plastic encapsul ated
microcircuits (PEMs), hybrid microcircuits, CSPs, PBGAS, and PWBs.

The acoustic microscope produces an image by mechanically
scanning with an ultrasonic transducer in an X,Y pattern over the test
specimens. This"scan” isperformedinavessel filled with deionized water
or other liquid that couplesthe ultrasonic energy from thetransducer to the
part. Water is the most effective medium, but where the electronic part is
sensitive to moisture, other liquids such as alcohols can be used. The
transducer emits a short ultrasonic pulse and then detects the echo. If the
part is free of defects, there will be two signals, from the near and far
surface. If there is an internal defect, such as a void or delamination, the
transducer will detect an additional return signal. This signal has a direct
relationship to the depth of the defect. Moreover, acoustic images from
several depths can be acquired simultaneously, revealing defects at each
interface in an electronic device.

Images are typically displayed as either C-scans or B-scans. A C-
scan is an overall X,Y view of the test specimen at a particular depth or
interface. A color scaleor black and whiteimagedisplayssignal amplitude.
B-scansdisplay animageof across-sectionedview at achosenlocationwith
thescanindicating signal amplitude.

Acoustic microscopes have the flexibility to adapt different trans-
ducersfor different applicationsfromlow-frequency transducers(1through
15 MHz), used for finding large flaws in thick materials through which
sound travelsslowly, to 50 M Hz transducersthat can examinethin Kovar*
of 30 milsor aluminum up to 200-milsthick. Higher frequency transducers

*Kovar® isaregistered tradename of Carpenter Technology.
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are needed for thin substrate material s such asaluminaor gallium arsenide.
The higher frequency transducersallow finer resolution and greater detail,
but at theexpense of |ower penetrating power. Theacoustic microscope has
thesoftwareto analyzetheimageoncethescaniscompleted. Analysistools
include: histogram (for percentage of voids), vertical and horizontal profile,
zoom, manipulationof col or scale, measurements, multi plescansformat, and
avariety of other analysistools. The system also has the capability to print
either in color or black and white, or to transmit images el ectronically over
the network.
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Specificationsand
Documents

Various types of specifications and documents are used to assure
thequality of theincoming material, high processyields, andreliability during
the life expectancy of the product. Specifications al so serve as documents
and agreements binding the customer, the contractor, and the contractor’s
suppliers. Hence, well-written, clearly defined requirements that are ap-
proved by all parties at the start of a program will avoid product failures,
retrofitting costs, and legal disputes. Among documents recommended for
coating electronic partsare: atop-level performance/requirements specifi-
cation, material procurement specifications, process specifications, work
instructions, test methods documents, and afailure analysisand corrective
actiondocument.

7.1 TOP-LEVEL PERFORMANCE OR
REQUIREMENTS SPECIFICATION

The responsibility for the top-level requirements specification
rests with the customer or contracting agency. Generaly, this is the
manufacturer of the electronic product or system or the final user. In the
performance specification, the requirementsthat the el ectronics must meet
are specified. These include electrical and physical performance over a
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defined period of time and under specified environmental conditions. The
specificationincludesavariety of electrical, mechanical, and thermal tests
that the product must meet. The contractor who buildsthe parts must select
and demonstrate that components, materials, and processeswill meet those
specifications.

7.2 MATERIAL SPECIFICATIONS

Thefinal choiceof acoating, primer, or processisbest implemented
by meansof material specificationswritten by theuser and coordinatedwith
the supplier. The material specification isadocument used both for initial
qualification of a material to specific engineering requirements and for
receiving inspection of an already qualified source to assure continued
consistency and quality. The material specification may also be used asa
procurement document and, when called out on a purchase order, legally
bindsthe supplier to meet the quality assurance provisionsof the specifica-
tion, especially if acertificate of compliance from the supplier isrequired.
Material specificationsmay begeneral or specific. Thegeneral typedefines
the minimum engineering requirements and the maximum allowabl e tol er-
ancesthat aproduct must meet. Thistypeof specificationiswritten without
concern for what materials are on the market and thus may be satisfied by
a number of different coating types and formulations. Conversely, its
provisions may be such that only one material or no material will qualify.

The second type of material specification isspecificandiswritten
aroundthepropertiesof aspecificmaterial, onethatisknowntoqualify and
whosereliability hasbeen established. Theactual formul ationmay becalled
out, or the physical, chemical, and electrical properties may be narrowly
defined so that only one material will be able to qualify. To obtain extra
assurance, a specific material specification may require that an infrared
spectrograph be run and compared with the IR spectrum of the originally
gualified material. The IR spectra of organic materials differ widely,
depending ontheir chemical structure, formulationingredients, and purity.
Hence, to assure that the formul ation has not been changed or the purity of
thematerial altered, the IR spectrum of each |ot of the material must match
that of theoriginal standard. The IR spectrumisfairly smpletorunfroma
small sample and the test equipment, an infrared spectrophotometer, is
available in many low-priced models or the sample may be sent out for
anaysis.
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For electronic components or assemblies that are not coated in-
house but purchased already coated, an acceptance specification will be
useful to assure quality. In such cases, both nondestructive and destructive
tests may be specified to assure that the product is adequately coated with
the specified coating. In the case of low-cost electronic components such
as capacitors or resistors, destructive analysis may be performed on a
sampling basis from each lot. Examples of tests that may be performed
include: adhesion, water soak, high-temperature exposure, salt spray, and
humidity with and without power.

7.3 PROCESS SPECIFICATIONS

A process specification iswritten to provide a step-by-step proce-
dure to produce a part in a manufacturing environment. It often calls out
other process specifications, for example, the conformal coating portion of
aprintedwiring assembly specification may call out aseparatespecification
that coversthe processesfor cleaning, applying, and curing the coating. A
process specification should al so contain quality assurance provisionssuch
as in-process and end-of -process tests and inspection. The process speci-
fication should allow asmuch manufacturing freedom aspossiblewithinthe
constraints of the engineering requirements. For example, instead of speci-
fying one cure schedule, whenever possible, a selection of equivalent
schedules should be allowed. One approach that has proved convenient is
to provide atime-temperature curve, however, the equivalence of the cure
schedules should be proven by measuring the properties of the cured
coating. If the method of application is not critical, the freedom to choose
between spray or dip coating should also be allowed.

In summary, arigid specification should be imposed only when
absolutely essential ; otherwiseunnecessary cost will beimparted tothefinal
product.

7.4 WORK INSTRUCTIONS

Work instructions are generated from the process specification.
They consist of subtier documentsthat simplify, clarify, and providedetails
of the process for the factory operators. For example, from a coating
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process specification separate WIs may be generated for the cleaning,
application, and the curing steps.

7.5 FAILURE ANALYSIS DOCUMENTATION

The manufacturer should devel op adocument detailing the proce-
duresfor testing, analyzing, and taking corrective actions on partsthat fail
during all stages of manufacturing and from field returns. The document
shouldinclude specific stepsto befollowed when afailureoccursincluding
the sequence of tests starting with electrical probing, visual, and other
nondestructive tests before destructive tests are instituted.

7.6 MILITARY, SPACE, GOVERNMENT, AND
INDUSTRY SPECIFICATIONS

Thousands of military, space, government, and industry specifica-
tions relating to materials, processes, test methods, and test requirements
aready exist. Among test methods widely used for coatings are those
described in MIL-STD-202, IPC-TM-650, and FED-STD-141.

Specifications should not be written where these government and
industry association specifications aready exist and are found to be
applicable. It should be noted, however, that conformance of amaterial or
processtoamilitary, government, or industry specification doesnot assure
that it will be suitable for the intended application. Too often military and
industry documentsare not specific enoughto providetherequired reliabil-
ity. Inthosecases, ashort internal company specification may bewrittenthat
callsout thegovernment or industry document, then addsthe extrarequire-
ments.

In the last decade many military and government specifications
have been canceled and replaced by industry documents, especially those
relating to test methods. With the government’ s emphasis on using COTS
(Commercial Off The Shelf) parts, specifications generated by industry
associations such as ASTM, IPC, ANSI, ISO, EIA, and NEMA have
become dominant. FED-STD-141, for example, that used to specify test
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methodsfor paints, varnishes, lacquers, and other coatingsisnow simply a
listing of methodsthat have been cancel ed andthe ASTM methodsthat have
replacedthem.

7.7 SPECIFICATIONS RELATING TO
ORGANIC COATINGS

Specifications and standards may be procured from the various
organizationslistedin Table 7.1. Tables 7.2—7.7 list some government and
industry association specifications, test methods, and other documents
pertinent to organi c coatings, pai nts, and finishesfor el ectroni c applications.
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Table 7.1. Sources of Specifications, Standards, and Other Documents

Organization

Address

Web Site

Military,
Federal, and
Government

DODSSsP
700 RobbinsAve., Bldg 4D
Philadelphia, PA 19111-5098

WWW.
dodssp.daps.
mil/oforms.htm

ASTM

American Society for Testing & Materias
100 Barr Harbor Dr.
West Conshohoken, PA 19428

WWw.astm.org

EIA

Electronic Industries Alliance
2500 Wilson Blvd.
Arlington, VA 22201

www.eia.org

EPA

Environmental Protection Agency
Ariel RiosBldg.

1200 Penngylvania Ave, N.W.
Washington, D.C. 20460

Superintendent of Documents
P.O. Box 371954
Pittsburgh, PA 15250-7954

WWW.epa.gov

IPC Assodiation Connecting Electronics
Industries

2215 Sanders Road

Northbrook, IL 60062-6135

www.ipc.org

International Organization for Standardization
1, rue de Varembe, Case Postale 56
CH-1211 Geneva 20, Switzerland

WWW.is0.0rg

JEDEC

Solid State Technology Association
2500 Wilson Blvd.
Arlington, VA 22201-3834

www.jedec.org

NASA

National Aeronautics and Space Admin.

NEMA

National Electrica Manufacturers Association
1300 N. 17th Street, Suite 1847
Rosslyn, VA 22209

www.nema.org

UL

Underwriters Laboratories, Inc.
Corporate Standards

333 Pfingsten Rd.

Northbrook, IL 60062-2096

comm 2000
1418 Brook Dr.
Downers Grove, IL 60515

www.ul.com

http://ulstandard
sinfonet.ul.com
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Table 7.2. Materials: Paint, Varnish, and Coatings

Subject Document Title
Enamel, Alkyd Lusterless, Low VOC
Alkyd AA-2962 Content
Application of _— . )
Dipped Films ASTM D823 Application of Dipped Films
Colors FED-STD-595 Colors Used in Government Procurement
glgt?ﬁmsior Qualification Testing For Depod ted
M uIticﬁi IPC-DD-135 Organic Interlayer Dielectric Materials For
P Multichip Modules
Modules
Electronic Electrical and Electronic Assemblies,
: MIL-STD-1861 Boards, Cards, and Associated Hardware,
Assemblies :
Selection of
Epoxy MIL-PRF-22750 Coating, Epoxy, High Solids
n Insulating Compound, Electrical
MIL-1-16923 Embedding Epoxy
. o Primer Coatings: Epoxy, Chemicals, and
Epoxy Primer MIL-P-23377 Solvent Resistant
. Finishes: Organic, Weapons System,
Finisnes MIL-F-18264 Application, and Control of
Inspection and Paint, Varnish, Lacquer, and Related
T ;f’i - FED-STD-141D Materials: Method of Inspection,
9 Sampling, and Testing
Acceptability of Electronic Assemblies.
. Section 9.1
Inspection IPC-A-610 ) )
“Inspection; Conformal Coatings and
Solder Maskants’
Interlayer see Dielectric . : .
Dielectrics Coatings see Dielectric Coatings
|socyanate ASTM D2572 Available Isocyanate (NCO) in Urethanes
Plastics MIL-HDBK-17 Plastics for Aerospace Vehicles
Coating, Aliphatic Polyurethane,
Polyurethane MIL-C-46168 Chemical Agent Resi stant
Preparation of Practice for Produding Films of Uniform
i ASTM D823 Thickness of Paint, Varnishes, and Related

Products on Test Panels

(cont'd.)
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Subject Document Title
Printed Circuit Board Conformal Coatings
-1- *
MIL-1-46058 (inactive for new designs)
e Qualification and Performance of
Printed Gircuit IPC-CC-830A Electrical Insulating Compound for PWAS
in ircui
Board Coatings | |PC-HDBK-830 Guidelines for Design, Selection, and

Application of Conformal Coatings

NASA-STD-8739.1

Workmanship Standard for Staking and
Conformal Coating of Printed Wiring
Boards and Electronic Assemblies

Qualification and Performance of

Solder Maskants | 1PC-SM-840C Permanent Solder M ask
Standard Terminology for Paint, Related
ASTM D16 Coatings, M @erials, and Applications
ASTM D6440 Standard Termlnc_)logy Relating to
_ Hydrocarbon Resins
Terminology ASTM D883 Standard Terminology Relating to Plagtics
Termsand Definitions for Interconnecting
IPC-T-50F and Packaging Electronic Circuits
1SO-4618 Terms/Definitions for Coating Materials
Varnish, Moisture, and Fungus Resistant
MIL-V-173 (for Treatment of Communications,
Electronics, and Associated Equipment)
Varnishes Insulating Varnishes and Solventless
MIL-1-24092 Resins For Application by the Dip Process
NEMA-STD Pub- Electrical Insulating Varnish
RE2
. MIL-C-8514 Coqting (;ompound, Metal Pretreatment,
Wash primers Resin-Acid
DOD-P-15328 Primer (Wash) Pretreatment for Metals

NEMA-MW-1000

Magnet Wire (describes coatings and tests)

Wire, Electric, Crosslinked Polyalkene,

MIL-W-81044 Crosslinked Alkane-Imide Polymer, Poly-
] ) arylene Insulated Copper, or Copper Alloy
Wire Insulation Wire Eleciric. Polvimide-Insulated
W ire, Electric, Polyimide-Insu
MIL-W-81381 Copper or Copper Alloy
MIL-W-22759 Wire, Electric, Fluoropolymer-Insulated,

Copper or Copper Alloy

*Cancelled or inactivated for new designs
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Table 7.3. Corrosion and Corrosion Prevention

Subject Document Title
CleanlinessLeves MIL-STD-1246 CleanlinessLeves
Contamination MIL-HDBK-406 Contamination Control
Control Technology

Copper Corrosion (Aliphatic and
ASTM D1616 Aromatic Hydrocarbons) Copper
Strip Test
Copper Corrosion Standard Test Method for
ASTM D130 Detection of Copper Corrosion

from Petroleum Products by
Copper Strip Tarnish Test

Corrosion Control

TM-584C (revision C,

Corrosion Control and Treament
Manual (Kennedy Space Flight

Nov. 1994) Center)
Determination of Resistanceto
Corrosion, Filiform 1SO-4623-1 Filiform Corrosion—Part 1: Steel
Substrates
Dissimilar Metals MIL-STD-889 B Dissimilar Metals

Corrosion Control, Finishes for

Finishes M SFC-SPEC-250 Corrosion Protection
General Guiddinesfor Electronic
Fungus MIL-STD-454, Reg. 4 Equipment (Lists Fungus Inert
Materials)
Salt Spray ASTM B117 Salt Spray (Fog Test)
Terminology ASTM G15 Standard Terminology Relating to

Corrosion and Corrosion Testing
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Table 7.4. Electrical Tests

Subj ect Document Title

General Tests MIL-STD-202 Test Method Standard, Electronic and
Electrical Component Parts
Standard Test Method For High-

' Voltage, Low-Current, Dry Arc

ArcResistance | ASTM DA% | pegganceof Solid Electrical
Insulation
Standard Test Methods for AC Loss

Dielectric Characterigics and Permittivity

Constant ASTM D150 (Dielectric Constant) of Solid
Electrical Insulating Materials

Dielectric Standard Test Method for Didectric

Strength and Breakdown Voltage and Dielectric

Breakdown ASTM D149 Strength of Solid Electrical Insulation

Voltage Materials

Dielectric

Withstanding mg&;igéioz Dielectric Withstanding Voltage

Voltage

Disd pation Standard Test Methods for ac Loss

Factor and Characterigics and Permittivity

Didlectric ASTMDIS0 | i gjectric Constant) of Solid

Congant Electrical Insulation

Insulation MIL-STD-202 Insulation Resigance

Resigtance Method 302

Insulation MIL-STD-202 . . -

Resigance Method 106 Insulation Res stance after Humidity
Standard Test Methods for dc

Resistivity ASTM D257, Resigance or Conductance of

ISO-3915, 1853 | Insulating Material's; Volume and

Surface Resigivity
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Table 7.5. Test Methods: Thermal, Mechanical, Physical, Chemical, and

Biological
Subject Document Title
General Tests
IPC-TM-650 Test Methods M anual
Test Method Standard, Electronics and
MIL-STD-202 Electrical Component Parts
Paint, Varnish, Lacquer, and Related
FED-STD-141D Materials: M ethods of Inspection,
Sampling, and Testing
Polymeric Materials, Usein Electrical
UL-746 Equipment Evaluations
Standard Test Method for Testing
General Tests ASTM D115 Solvent Containing Varnishes Used for
Electrical Insulation
ASTM D154 Standard Guide for Testing Varnishes
ASTM D333 S_tandard Test Methodsfor Clear and
Pigmented Lacquers
Standard Test M ethods For Polymeric
ASTM D2305 Films Used for Electrical Insulation
ASTM Manual 17 Paint and Coating Testing Manual
1SO Standards Paints and Varnishes: General Test
Handbook, Vol.1 Methods-Part 1
MIL-HDBK-2036 Gen_eral Reqwre_m_ent_s For Electronic
Equipment Specifications
General

Requirements

IPC-6012

Qualification and Performance
Specification for Rigid Printed Boards

IPC-A-610C

Acceptability of Electronic Assemblies

MIL-HDBK-454A

General Guidelinesfor Electronic
Equipment

Sand

General
Guidelines Electronic Parts, Materials, and
MIL-HDBK-1547 Processes for Space and Launch

Vehicles

Test Methods MIL-STD-810 Env!ronn_wentd Test_Methods and
Engineering Guidelines

Specific Tests

. Abrasion Resistance for Cured Paints by
Abrason ASTM D4060 Taber Abrader
Abrasion. Eallin Standard Test M ethods for Abrasion
' 9 ASTM D968 Resistance of Organic Coatings by

Falling Abrasive

(cont'd.)
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Table 7.5. (cont'd.)
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Subject Document Title
Abrasion, Pencil Method of Test for Film Hardness by
Test ASTM D3363 Pencil Test
Standard Test Method for Adhesion of
ASTM D2197 Organic Coatings by Scrape Adhesion
FED-STD-141, .
Method 6301.3 Adhesion (Wet) Tgpe Test
Adhesion Standard Test Methods for Measuring
ASTM D3359 Adhesion by Tape Test
ASTM D1654 Adhesion Retention After Salt Spray
IPC-D-320 Adhesion by Crosshatch test
1SO-2409 Paints and Varnishes- Cross-cut Test
Bacteria Standard Practice for Determining
Resistance ASTM G22 Resistance of Polymeric Materiasto
Bacteria
Bend test see Flexibility see Flexibility
S Standard Test Method for Evaluating
Blistering ASTM D714 Degree of Blistering of Paints
. Standard Practice for Evaluating the
ghe_mlcals, ASTM D543 Resistance of Plastics to Chemical
esistance
Reagents
Cleanliness SeeW?‘t?' Extract see Water Extract Resistivity
Resistivity
Coefficient of - _
Friction ASTM D1894 Coefficient of Friction
Standard Test Method for Color of
ASTM D1209 Clear Liquids (Plainum-Cobalt Scale)
Color Standard Practices for Determining the
ASTM D6605 Color Stability of Hydrocarbon Redns
After Heating
Cracking ASTM D661 Degrc_ee of Resu stance to Cracking of
Exterior Paints
. FED-STD-141 . .
Curing Schedule Method 4061 Curing Time and Temperature
Cure. d f IPC-TM-650, Relative Degree of Curein uv Curable
ure, degree o Method 2.3.31 Materials
Deflection Standard Test Method for Deflection
ASTM D648 Temperature of Plastics Under Flexural
Temperature

Load

(cont'd.)
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NASA-STD-6001

Subject Document Title
Density see Specific Gravity
Destructive . . .
Physical Analysis | MIL-STD-1580 gﬁz‘tj‘:t":‘;ftsphysca] Analysisfor Space
(DPA) y
Standard Test Method for Drying,
Drying/Curing ASTM D1640 Curing, or Film Formation of Organic
Coatings at Room Temperature
MIL-STD-883
Dye Penetrant Method1034 Dye Penetrant Test
Electrochemical IPC-TM-650, Electrochemical Migration Resistance
Migration Method 2.6.7.1 Test
Elonaation ASTM-D2370 Elongation of Tensile Strength of Free
ongatio ASTM D638 Films or Cast Films
Environmentad Environmentad Engineering
Tests MIL-STD-810 Considerations and Laboratory Tests
Epoxy Equivdent | ASTM D1652 Epoxy Content of Epoxy Resins
Erosion ASTM D662 Standard Test l\_/lethod for Eval uating
Degree of Erosion of Exterior Paints
Filiform Determination of Resistance to Filiform
Corrosion 150-4623-1 Corrosion- Part 1: Steel Substrates
. Standard Test Method for Flaking of
Flaking ASTM D772 Exterior Paints
Standard Test Method for Rate of
Burning and/or Extent and Time of
ASTM D635 Burning of Self-supporting Plasticsin a
Horizontal Position
Flammability, Odor, Offgassing, and
Flammability Compatibility Requirements and T est

Procedures for Materialsin
Environments That Support
Combustion

UL-94

Testsfor Flammability of Plastic
Materials

(cont'd.)
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Subject

Document

Title

Flash Point

ASTM D56

Standard Test Method for Flash Point
by Tag Closed Tester

ASTM D92

Standard Test Method for Flash and
Fire Points by Cleveland Open Cup

ASTM D93

Standard Test Method for Flash Point
by Pensky-Martens Closed Cup Tester

1SO-3679

Paints, Varnishes, Petroleum and
Related Products—Determination of
Flashpoint—Rapid Equilibrium Method

Flexibility

ASTM D522

Standard Test Method for Mandrel
Bend Test of Attached Organic
Coatings

1SO-1519

Bend Test (Cylindrical Mandrel)

Flexural Modulus

ASTM D790

Flexural Modulus

Friction

ASTM D1894

Standard Test Method for Coefficient of
Friction

ASTM D3702

Standard Test Method for Coefficient of
Friction

Fungus

ASTM G21

Standard Practice For Determining
Resistance of Synthetic Polymeric
Materialsto Fungi

ASTM D3274

Evaluating Degree of Surface
Disfigurement of Paint Films by
Microbial (Fungal or Algal) Growth or
Soil and Dirt Accumulation

ASTM D4610

Determining the Presence of and
Removing Microbial (Fungal or Algd)
Growth on Paint and Related Coatings

ASTM D5588

Determination of the Microbial
Condition of Paint, Paint Raw
Materials, and Paint Areas

ASTM D5590

Determining the Resistance of Paint
Film and Related Coatings to Fungal
Defacement by Accelerated Four-week
Agar Plate Assay

MIL-T-152

Treatment, Moisture and Fungus
Resistant, of Communications,
Electronic, and Associated Electrical
Equipment

(cont'd.)
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Table 7.5. (cont'd.)

Subject Document Title
MIL-STD-810, Environmentd Test Methods and
Fungus Test Method 508 Engineering Guidelines
IPC-TM-650, . .
Method 2.6.1.1 Fungus Resistance—Conformal Coating
FungusInert MIL-HDBK-454, .
Materials Guideline 4 Fungus Inert Materials
Standard Test Method For Determining
Gas Permeability ASTM D1434 Gas Permeability Characteristics of
Plastic Film and Sheeting
Gel Time ASTM D1955 Heating Test (Gel Time)
Glass Transition Standard Practice for Glass Transition
Temperature ASTM D6604 Temperatures of Hydrocarbon Resins
P by Differential Scanning Calorimetry
ASTM D2240
1SO-868 Hardness, Shore A or D
ASTM D1474 Indentatl on Hardness of Organic
Hardness Coatings
Method of Test for Film Hardness by
ASTM D3363 Pencil Test
SO-2815 Buchholz Indentation Hardness
HAST JEDEC Std. 22- Highly Accelerated Temperature and
A110 Humidity Stress Test (HAST)
. ASTM D648 . .
Heat Deflection ASTM D1525 Vicat Softening Method
K'Al:)gﬂlrg (seealso JEDEC Std. 22- Highly Accelerated Temperature and
: A110 Humidity Stress Test (HAST)
Resistance)
. MIL-1-46058, 4.8.12 | Hydrolytic Stability
Hydrolytic - —
Stability IPC-TM-650, Hydrolytic Stability Solder Mask and
Method 2.6.11 Conformal Coatings
Test Methods for Resistance of Organic
ASTM D2794 Coatings on the Effects of Rapid
Impact Resistance Deformation (Impact)
ASTM D5420 Gardner Impact Test
ASTM D256 1zod, Gardner Impact Test

(cont'd.)
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Ozone Resgance

D1149; D1171

Subject Document Title
Acceptability of Electronic Assemblies.
Section 9.1
. IPC-A-610 “Inspection; Conformal Coatings and
Inspection Solder Maskants’
. Circuit Card Assemblies, Rigid, Flex,
MIL-C-28809 and Rigid-Flex
. Standard Test Method for Mar
Mar Resistance ASTM D5178 Resistance of Organic Coatings
Melting point ASTM D3418 Standard Test Method for Melting Point
Microbial
Resistance See Fungus See Fungus
Method For Testing Coated Metal
ASTM D2247 Panels at 100% RH
Moisture JEDEC Std. 22- - . .
Resistance A100 Cycled Temperature Humidity Bias Life
JEDEC Std. 22 — Accelerated Moisture Resistance
A102A Unbiased Autoclave
Moisture Vapor see Water Vapor
Transmission Transmission
Standard Test Method for Odors of
Odors ASTM D129 Volatile Solvents and Diluents
ASTM D518;

Permesbility to see Gas Permeability

Gases
Standard Classification for Reporting

Pinhol es ASTM D1848 Paint Film Failures Characteristic of
Exterior Latex Paints

Porosity ASTM D3258 Stgndar_d Test Method for Porosity of
Paint Films

Radiation MIL-STD-883E, lonizing Radiation (Total Dose) Test

Method 1019.5 Procedure

Standard Test Method for Index of

Refraction Index ASTM D542 Refraction of Transparent Organic
Plastics

Rosin FI IPC-TM-650, Rosin Flux Residue Analysis HPLC

oS Fux Method 2.3.27 Method

(cont'd.)
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Table 7.5. (cont'd.)

Subject Document Title
Standard Test Method for Rubber—
ASTM D572 Deterioration by Heat and Oxygen
Standard Test Method for Rubber
Properties- Measurement of Cure and
Rubber ASTM D6601 After Cure Dynamic PropertiesUsing a
Rotorless Shear Rheometer
Standard Test Method for Rubber
ASTM C518 Deterioration- Surface Cracking
ASTM B117 Standard Practicefor Operating Salt
Salt spray ASTM D117-90 Spray (Fog) Apparatus
ASTM D1654 Adhesion Retention After Salt Spray
Shellac ASTM D411 _Standard_ Test Meth_od for Shellac Used
in Electrical Insulation
. . Softening Point by Ring and Ball
Softening point ASTM E28 Apparatus
Standard Guide for Sampling and
Solvents ASTM D268 Testing Volatile Solvents and Chemical

Intermediatesfor Use in Paint and
Related Coatings and Material

Solvent Resistance | ASTM D543

Chemical and Solvent Resistance of
Coatings

Standard Test Method for Density and

ASTM D792 Specific Gravity of Plastics by
Displacement
Standard Test Method for Density of
ASTM D1475 Liquid Coatings, Inks, and Related
Specific Gravity Products
Determination of Density—
Part 1: Pyknometer
1SO-2811 Part 2: Immersed body
Part 3: Oscillation method
Part 4: Pressure cup
Surface Tension ASTM D971 Surface tension of paints and coatings
ASTM D1331 by the DuNouy Ring-pull-off Method
Standard Test Method for Tear Strength
Tear Strength ASTM D624 of Conventional Vulcanized Rubber and

Thermoplastic Elastomers

(cont'd.)
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Subject Document Title
JEDEC Std. 22- .
Steady State High Temperature
Temperature A101-A Y 9 P
Stability JEDEC Std. . :
29-103-A High Temperature Storege Life
Tensile Strength, Standard Test Method for Tensile
Elongation ASTM D638 Properties of Plastics
Standard Test Method for Estimating
ASTM D2214 Thermal Conductivity of Leather by
Cenco-Fitch Apparatus
Standard Test Method for Steady State
ASTM C177 Heat Fl ux _M easuremc_ents and Thermal
Transmission Properties by Means of
the Guarded Hot Plate Apparatus
Standard Test Method for Steady State
Thermal Transmission Properties by
ASTM €518 Means of the Heat Flow Meter
Thermal Apparatus
Conductivity
Practice for Using the Guarded-Hot-
Plate Apparatusin the One-Sided Mode
ASTM C1044 to Measure Steady-State Heat Flux and
Thermal Transmission Properties
Practice for Calculating Thermal
ASTM C1045 Transmission Properties from Steady-
State Heat Flux Measurements
Standard Practicefor Evaluating
ASTM F433 Thermal Conductivity of Gasket
Materials
Standard Test Method for Coefficient of
Thermal Expansion of Plastics between
Thermal ASTM D696 pansion of ¥ -
Expansion —30° and +30°C with Vitreous Silica
Dilatometer
IPC-TM-650, .
Thermal Shock Method 2.6.7.1 Thermal Shock—Conformal Coating
- Thermal Stability of Wire Insulation by
Thermal Stability | ASTM D2307 Twisted Pair
Thickn Nondestructive Measurement of Dry
eSS, ASTM D1186 Film Thickness of Non-magnetic
Magnetic Gage

Coatings Applied to a Ferrous Base

(cont'd.)
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Table 7.5. (cont'd.)

Subject Document Title
Nondestructive Measurement of Dry
) Film Thickness of Non-conductive
Thickness ASTM D1400 Coatings Applied to a Non-ferrous
Metal Base
Thickn Standard Test Method for Measuring
Mo fﬁd s ASTM D1005 Dry Film Thickness of Organic
echan Qe Coatings Using Micrometer
ASTM D154 Standard Guide for Testing Varnishes
Varnishes Standard Test Methods for Testing
ASTM D115-55 Solvent Containing Varnishes Used for
Electrical Insulation
Standard Test Method for Kinematic
ASTM D445 Viscosity of Transparent and Opaque
Liquids
Standard Test Method for Viscosity and
ASTM D6606 Yield of Vehicles and Varnishes by
Duke Viscometer
' ' ASTM D88 St_anda_rd Test Method for Saybolt
Viscosity Viscosity
Standard Test Method for Determining
ASTM D789 Relative Viscosity and Moisture
Content of Polyamide
Standard Test Method for Viscosity of
ASTM D1200 Paints, Varnishes, and Lacquers by Ford
Viscosity Cup
ASTM D2196 Viscosity (Brookfield)
Standard Guide for Determining
Volatiles ﬁgm nggg Volatile and Non-volatile Content of
Paint and Related Coatings
. Standard Test Method For Water
Water Absorption | ASTM D570-98 Absorption of Plastics
Standard Test Method for Water Using
Water Content ASTM E203 Volumetric Karl Fisher Titration
Water Contentin | ASTM D4017 Test Method for Water in Paints and
Coatings ASTM D1364 Paint Materials by Karl Fisher Method
Standard Test Method for Water in
Water Contentin | 25T P1364 Volatile Solvents (Karl Fisher Method)
Solvents Water in Solventsand Thinners by
ASTM D1476 Turbidity Method

(cont'd.)
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Table 7.5. (cont'd.)

Coating Materials for Electronic Applications

Subject Document Title
IPC-TM-650 Resistivity of Deionized Water to
\Flzvat.i.E.’i”aCt ANSI-}STD-0018 | Establish Purity or Amount of lons
esistivity MIL-STD-2000A Extracted from a Surface
Standard Test Method for Testing
Water Resistance | ASTM D870 Water Resistance of Coatings Using
Water Immersion
ASTM D1653 Standar_d Teﬂ Method For ther Vgpor
Transmission of Organic Coating Films
Standard Test Method for Water Vapor
Water Vapor ASTM E96 Transmission of Materials
Transmission Standard Test Method for Water Vapor
Transmission Rate Through Plastic Film
ASTM F1249-95 and Sheeting Using Modulated Infrared
Sensor
Standard Test Method for Conducting
ASTM D1014 Exterior Exposure Tests of Paintson
Steel
Standard Practice for Xenon-Arc
ASTM D2565 Exposure of Plagics Intended for
Outdoor Applications
Weathering Standard Practice for Performing
ASTM D4364 Outdoor Accelerated Weathering Tests
of Plastics Using Concentrated Sunlight
Standard Practice of Operating Light-
Exposure Apparatus (Xenon-Arc Type)
ASTM G26 with and without Water for Exposure of
Non-metallic Materials
Weathering, ASTM G23 Accelerated Wesathering, Open Arc
Accelerated ASTM D822 Apparatus and Enclosed Arc Apparatus

*Cancelled or inactivated for new programs
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Table 7.6. Contaminants, Cleaning, and Solvents

Subject Document Title
Clean Rooms and Work Station
Clean Rooms FED-STD-209* Requirements, Controlled
Environment
Cleanliness of .
) . Test Method for Cleanliness of
grcl)g';;od; Wiring IPC-TM-650, 2.3.5 Printed Wiring Boards

Cleaning Methods

Precision Cleaning Methods and

MIL-HDBK-407 Procedures
Cleaning Methods For Ferrous
TT-C-490 Surface and Pretreatments for

Organic Coatings

Cleanliness Product Cleanliness Levels and
Levels MIL=STD-1246C Contamination Control

. IPC-TM-650, . . .
Cleanliness Test Method 2.3.97 Cleanliness Test, Residual Rosin
Contamination MIL-HDBK-406 Contamination Control Technology
Control

. |PC-TM-650, Halide Contents, Quantitative
Halide Content | ) hod 2.3.35 (Chloride and Bromide)
. IPC-TM-650, lonic Analysis of Circuit Boards,
lon Analysis Method 2.3.28 lon Chromatography Method
lon Content IPC-TM-650, Mobile lon Content of Polymer
Method 2.3.26 Films
lonic Surface |PC-TM-650, Detection and Measurement of
Contaminants Method 2.3.25 lonizable Surface Contaminants
Printed Wiring Board (Appendix A
lonic specifies requirements for ionic
Contaminants MIL-PRE55110F contaminants on electronic
assemblies)
Particulate Standard Practice for Sampling for
. ASTM E1216 Surface Particulate Contaminants by

Contaminant

Tape Lift

* Fed-Std-209 has been cancelled and superceded by 1SO-14644-1 (Class fication of
Air Cleanliness) and 1 SO-14644-2 (Cleanroom Testing and Compliance).

(cont'd.)
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Table 7.6. (cont'd.)

Subject Document Title
TT-1-735
ASTM D770 Isopropy| Alcohol
TT-T-548 Toluene
Solvents ASTM D1007 Sec. Butyl Alcohol
ASTM D304 n-Butyl Alcohol (Butanol)
ASTM D329 Acetone
MIL-C-81302 Trichlorotrifl uoroethane, Cleaning
Standard Practice for Determining
Volatile Org. ASTM D3960 VOC Content of Paints and Reated
Compounds Coatings
(VOC) ASTM D2369 Test Method for Volatile Content of
Coatings
Determination of Vol aile Matter
Content, Density, Volume Solids,
EPA Fed. Ref. 24 and Weight Solids of Surface
. Coatings
Volatile Matter I
U.S. EPA Proceduresfor Certifying
g Quantity of Organic Compound
EPA 450/3-84-019 Emitted by Pant, Ink, and Other
Coatings
. Standard Guide for Determining
xg::::i andNon- | A sty pos32 Volatile and Non-volatile Content of
Paint and Related Coatings
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Table 7.7.Space Environment Effects

Subject

Document

Title

Atomic
Oxygen

NASA-TP-1999-
209260

Material Selection Guidelinesto Limit
Atomic Oxygen Effects on Spacecraft
Surfaces

Destructive
Physical
Analysis

MIL-STD-1580

Destructive Physicd Analysis for Space
Quality Parts

Finishes

MSFC-SPEC-250

Protective Finishesfor Space Vehicle
Structures and Associated Flight
Equipment

General

DOD-E-8983

Electronic Equipment, Aerospace,
Extended Space Environment, General

Specification

Materials
Selection

MSFC-HDBK-527

Material Selection List for Space
Hardware

Outgassing

ASTM E1559

Standard Test Method for Contaminant
Outgassing Characteristics of Spacecraft
Materias

ASTM E595

Total MassLoss (TML) and Collected
Volatile Condensable Materials (CVCM)
from Qutgassing in aVacuum
Environment

NASA-RP-1124

Outgassing Datafor Selecting Spacecraft
Materials

NASA-JSC-08962C

Compilation of VCM Datafor Non-
metallic Materials

Radiation

MIL-STD-883E,
Method 1019.5

lonizing Radiation (Total Dose) Test
Procedure

Radiation
Effects

NASA-CR-1871

Radiaion Effects Design Handbook,
Section 5: Radiation in Space and Their
Interactions with Matter

ASTM F1892-98

Standard Guidefor lonizing Radiation
(Total Dose) Effects Testing of
Semiconductor Devices

Test
Requirements

MIL-STD-1540C

Test Requirements for Launch, Upper
Stage, and Space Vehicles

Vacuum
Stability

NASA-SP-R-0022A

Vacuum Stability Regquirements of
Polymeric Maerials for Spacecraft
Applications

NASA-JSC-07572

List of Materials Meeting JSC Vacuum
Stability Requirements
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Appendix

Conversion Factors

Table A.01. Thermal Conductivity Units and Equivalents

Cal/ BTU/ w/ w/ w/
(sec-cm - °C) (hr -ft-°F) (m.K) (cm - °C) (in -°C)
1 241.9 418.6 4.186 10.63
4.13x 10° 1 1.73 0.0173 0.044
2.39x 103 0.578 1 0.01 0.0254
0.239 57.8 100 1 2.54
0.094 22.74 39.4 0.394 1

493




Table A.02. Dimension Units and Equivalents

Mil Inch Centimeter Millimeter Angstrom Micrometer Microinch
1 0.001 0.00254 0.0254 254,000 254 1000
1000 1 254 25.4 2.54 x 10° 25,400 1x10°
394 0.394 1 10 1x108 1x10* 3.94 x 10°
39.4 0.0394 01 1 1x10’ 1x10° 3.94 x 10*
3.94 x 10° 3.94 x 10° 1x10°% 1x107 1 1x10* 3.94 x10°
0.0394 3.94 x 10° 1x10* 0.001 10,000 1 39.4
0.001 1x10° 2.54 x 10 2.54 x 10° 254 0.025 1
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Table A.03. Pressure and Force Conversion Factors
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To Convert From: To: Multiply By:
Pascals (Pa) pounds per in2 (psi) 1.45x 104
Pounds Newtons 4.44
Dynes/cm?2 pounds per inZ (psi) 1.45x 105
Newtons/mm2 GigaPascals (GPa) 1x10-3
MPa Newtons/mm?2 1
Pascals[Pa] Dynes/cm2 10

Table A.04. Viscosity Conversion Factors

To Covert From: To: Multiply by:

Poise Centipoises 100
Centipoises Poise 0.01
Poise Ib/(sec - ft) 0.0672
Poise b/ (hr - ft) 242
Poise Pa sc 10
Pa sec Poise 0.1
MPa sec Centipoises 10,000
Poise = gnm/(sec)(cm)
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Abbreviations, Acronyms, and Symbols

Table A.05. Abbreviations, Acronyms, and Symbols

ABS Acrylonitrile Butadiene Styrene (a molded plastic)
ACS American Chemical Society

ANSI American National Standards Institute

ASIC Application Specific Integrated Circuit

ASTM American Sodiety for Testing and Materials

ATC Assembly Test Chip

ATCC American Type Culture Collection

AWG American Wire Gauge

BCB Benzocyclobutene

BGA Ball Grid Array

BT Bismaleimide triazene; ahigh T,epoxy resin formed from BT
BV Breakdown Voltage

CAF Conductive Anodic Filament

CALCE Computer-aided Lifecycle Engineering

CFC Chlorofluorocarbons

CMOS Complementary Metal Oxide Semiconductor

COB Chip on Board

COF Coefficient of Friction

COSPAR g((:)lrgnntwl|ftlt((:e<leJ ?]?Oizace Research of the International Coundl of
COTS Commercial off the Shelf

cp Centipoise

CPC Ceramic Printed Circuit

CsP Chip Scale Package

CTE Coefficient of Thermal Expansion

CTFE Chlorotrifluoroethylene

CVCM Collected volatile condensible material

DBT Dibutyl tin dilaurate

DEAPA Diethylaminopropylamine

DETA Diethylenetriamine

(cont'd.)
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Table A.05. (cont’d.)

DF Dissipation Factor

DGEBA Diglycidylether of Bisphenol-A
DMP-30 Tris(dimethylaminomethyl)-phenol
DOD Department of Defense

DOP Degree of Planarization

DPA Destructive Physical Andysis
DRAM Dynamic Random Access Memory
DSC Differential Scanning Calorimetry
DTA Differential Thermal Analysis
DVS Divinyl Siloxane

€ Dielectric Constant

EIA Electronic Industries Alliance

EMI Electromagnetic Interference

EPA Environmental Protection Agency
ESCA Electron Spectroscopy for Chemical Analysis
ESD Electrostatic Discharge

EV Electron Volt

FEP Fluorinated Ethylene Propylene
FET Field Effect Transistor

FTIR Fourier Transform Infrared

GHz Gigahertz

GWP Global Warming Potential

HAP Hazardous Air Pollutants

HAST Highly Accelerated Stress Test
HBFT Hard Baked Film Thickness
HDBK Handbook

HDI High Density Interconnect

HDMI High Density Multichip Interconnect
HMDS Hexamethyldisilazane

HEPA High-efficiency particulate (filter)
Hg Chemical symbol for mercury

Hz Hertz (cycle per second frequency)

(cont'd.)
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Table A.05. (cont'd.)

IC Integrated Circuit

IEC International Electrotechnical Commission

IEPS International Electronics Packaging Society (now merged with
IMAPS)

IGA Isothermal Gravimetric Analysis

IMAPS International Microelectronics and Packaging Society

IPC Ingtitute for Interconnecting and Packaging Electronic Circuits

IR Infrared (also insulation resistance)

ISHM International Society of Hybrid Microelectronics (now IMAPS)

1SO International Organization for Standardization

JEDEC Joint Electronic ngi ce Engineering Council (now Solid State
Technology Association)

JPL Jet Propulsion Laboratory

JsC Johnson Space Center

k Coefficient of Thermal Conductivity (CTE)

K DegreesKelvin

keV Thousand Electron Volts

LEO Low Earth Orbit

MAPTIS Materials and Processes Technica Information Service

MCM Multichip Module

MEMS Micro-electromechanical System

MER Mars Exploratory Rover

mg Milligrams

MHz Megahertz

ml Milliliter

MMI Multimode Interference

MMIC Monolithic Microwave Integrated Circuit

MNA Methyl Nadic Anhydride (a solvent)

MSC Moisture Sensor Chip

MSDS Material Safety Data Sheet

MSFC Marshall Space Flight Center

MVTR Moisture Vapor Transmission Rate

(cont'd.)
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Table A.05.(cont'd.)
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-NCO Formulafor i socyanate group
NEMA National Electrical Manufacturers Association
NEPCON National Electronics and Packaging Conference
NMP n-methyl pyrrolidone (a solvent)
ODA Oxydianiline

ODP Ozone Depletion Potential

oDs Oxygen Depleting Solvent
OSHA Occupationa Safety and Health Administration
p Electrical Resistivity

Pa Pascal

Pa:s Pascal second

PAS Polyarylsulfone

PBGA Plastic Ball Grid Array

pbv Parts by volume

pbw Parts by weight

PCB Printed Circuit Board

PCT Pressure Cooker Test

PED Plastic Encapsulated Device
PEEK Polyaryletheretherketone

PEM Plastic Encapsulated Microcircuit
PET Polyethylene Terephthal ate

phr Parts per hundred parts of resin
Pl Polyimide

PIND Particle Impact Noise Detection
PMDA Pyromellitic dianhydride

PMMA PolymethyImethacrylate

PoF Physics of Falure

ppb Parts per billion

ppm Parts per million

PR Propyl

PRF Performance

psi Pounds per squareinch

(cont'd.)
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Table A.05.(cont'd.)

PTF Polymer Thick Film

PTFE Polytetrafluoroethylene

PVF Polyvinyl Fluoride

PWA Printed Wiring Assembly

PWB Printed Wiring Board

QPL Qualified Products List

rad Radiation Absorbed Dose (1 rad(Si) = 100 ergggm deposited in Si)
RF Radio Frequency

RFI Radio Frequency Interference

RGA Residual Gas Analysis

RH Relative Humidity

RIE Reactive lon Etching

RMA Rosin Mildly Activated (flux)

rpm Revolutions per minute

RT Room Temperature

RTV Room Temperaure Vulcanizing

S S within a hexagon indicates a saturated ring such as cyclohexane
SAE Society of Automotive Engineers
SAM Surface Acoustic Microscopy

SAMPE Society for the Advancement of Material and Process Engineering
SBFT Soft Bake Film Thickness

SEM Scanning Electron Microscopy

SiP System in a Package

SIR Surface Insulation Resistance

SLA Scanning Laser Ablation

SMT Surface M ount Technology

SOG Spun-on Glass

SPE Society of Plastics Engineers

TAB Tape Automated Bonding

TCR Temperature Coefficient of Resistance
TDI Tolylene Diisocyanate

TEM Transmission Electron Microscopy
TFE Tetrafluoroethylene

(cont'd.)
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Table A.05. (cont’d.)

Tq Glass Trang tion Temperature

TGA Therma Gravimetric Analysis

THB Temperature Humidity Bias

TMA Therma Mechanical Anaysis

TML Total MassLoss

torr Millimeters of Mercury (pressure)

TT Triple Track (resistor)

UL Underwriters Laboratories

uv Ultraviolet

VCM Volatile Condensible Material

Vdc Volts Direct Current

VFM Variable Frequency Microwave

VLSIC Very Large Scale Integrated Circuit

VOC Volatile Organic Compounds

Wi Work Instruction

WVR Water Vapor Regained

XPS X-Ray Photoelectron Spectroscopy (also known as ESCA)
YAG Yttrium Aluminum Garnet (laser material)




Index Terms

A
Ablation
temperature of
Ablative coatings
Abrasion and wear out
preventing
Abrasion resistance

Abrasive blasting of steel
Abrasive slurry
Absorption
Accelerated aging
Arrhenius equation
Accelerated corrosion
Accelerated quantitative methods
Accelerated temperature/humidity
tests
Accelerators
Acceptance specification
Acids and acid anhydrides
limitations
pot life
Acoustic microscope
Acrylic coatings
removal
Acrylics
catalyst
characteristics
electrical properties
limitations
physical properties
refractive index
reparability
resistance to outdoor environments
Addition cure
formulations
polyimides
silicones
Addition polymerization
mechanism
Adhesion
enhancing
failure
gold-plated surfaces or to
Teflon insulated wire
impaired
loss of
marginal
polyurethanes
promoters
reliability
top coating
under storage
Aerated-bed coating
Aerosol spray
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Index Terms Links

Air-curing epoxies 991
Air-drying (721
Air-gap microbridges (318103201
Air-pressure spray equipment 2271
Airborne electronics [30] [83]
Airless spray equipment [23T]
Alkalinity of magnesium [26]
Alkyd coatings

air drying [96]

bake-type [ 90 |
Alkyd polyesters A

air-drying properties (721

glyptals 721
Alkyd polymer 721
Alkyds

characteristics 2]

modified glyptals 21
Alligator skin

effect [394]
Allylic polymers

diallylphthalate [Ra]
Alpha emissions [323]
Alpha particles

source in formulated resins [323]
Aluminum 271
Aluminum nitride [33]
Aluminum oxide (alumina) [55]
Amide-acid precursors [143]
Amine catalysts 01191
Amine compounds

generic types (881
Amine-cured epoxy 1021
Amines

aliphatic

aromatic (o0l

curing with (B8]

limitations (901

modified

primary and secondary (901

properties [88]

straight chain 901
Amino-containing compounds 021
Ammonia and other amine compounds

deleterious effects on transistors
Anhydride-cured epoxy (10211041
Anhydride-curing agents [34]

accelerators o1l

stoichiometry [o1]

viscosity o1l
Anodize [24]

films 121

finish [26]
Anticorrosive properties 121
Antimicrobial chemicals [22]
Antiradiation coatings (421
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Index Terms

Antistatic coatings
Apollo capsule
Application by dipping
Application in microelectronics
Applications in microelectronics
Applying photoresists
Aqueous cleaning methods
Aqueous or semi-aqueous spray
methods
Arc resistance
improving
values
Arcing prevention
Argon plasma
Aromatic amines
Aromatic and crosslinked polymer
structure
Assembly Test Chips (ATC)
ASTM D2307
ATC-01 triple track resistors
Atlas Weather-Ometer
See also Weatherability chambers
Atomic absorption spectroscopy
Atomic oxygen
Automated production
lines
Automatic selective dispensing
Automotive applications
Automotive coatings
Automotive industry
qualifications
Azeotrope solvents
B
B scan
Baekeland, L. H.
Baking cure
Baking-type alkyds
hardeners
Baking-type epoxies
Ball grid array (BGA)
fabricating
solder maskants
Barcol impressor
test
Barrier layer
enhancing adhesion
Barrier systems
Batch process
Batteries
Bayer Corp
BCB
See also Benzocyclobutene;
Bisbenzocyclobutene
BCB coatings
properties
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Index Terms

BCB dielectric coatings
holographic phase mask
passivation and planarization

layers

BCB polymer coatings
commercial interest

BCB resins
curing temperatures

Benzocyclobutene

See also BCB
radiation stability

Beryllia

Bias powered or non-dissipating

Biocides

Biosensors and chemical sensors

Biostats

Bis(8-quinolinolato)-copper

Bis(tri-n-butyltin)-oxide

Bis-benzocyclobutene (BCB)

Bisphenol A
analogs
flame-retardant properties
formulation
halogenated epoxy resins
hardener
stoichiometry

Bleed-out

Blisters
avoiding

Blocking and unblocking

Bonding pad topography

Boron nitride

Brookfield viscometers

Brush coating

Brushing or scrubbing

Bubble viscometers

Buchholz indentation tester

Buffer coats

By-products
acetic acid
heat vulcanizing types

C

C scan

C value

Capacitance
minimizing
of a coating
total

Capacitive component of current

Capacitor dielectrics

Capacitors

Carbon

Carbon dioxide (CO2) jet spray
cleaning

Carbon-filled coatings
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Index Terms Links
Carbonization of the surface (541
Carbonyl absorption band [163]
Cascade cleaning [215]
Castor oil [23]
Catalysts 70l [74] 9100181

See also Initiator

acid or base 1181

peroxide
Catalytic curing [R]]
Cationic curing B3]
Cationic photoinitiator 931
Cationic photopolymerization [ 2561258
Ceramic fillers [45]
Certificate of compliance
Chemical analysis methods [460]
Chemical composition changes

infrared spectrum 3891
Chemical conversion coatings 121 241
Chip-in-package concept 3071
Chip-on-board (COB)

reliability [323]
Chip-scale packages (CSP)

fabricating [314]

solder maskants [323]

specially formulated silicones [324]

wafer level [324]
Chips-first process (3051

variation
Chips-last process [303]
Chloride ions

effect on thin-film aluminum

metallization [ 390 |

qualitative test [4a4]
Chlorofluorocarbon solvents 21
Chromate conversion coating [26]
Chromatography

gas [462]

gas-liquid [4&a2]

gas-solid [462]
Circuit boards 2]

epoxy-glass and polyimide-glass

laminates [ 288 |

failure analysis [461]
Circuits

high-speed digital and analog [303]

precautions for ultrasonically

cleaning [218]
Clean rooms

classifications [204]

ultra
Cleaning 20312081 [2111[212]

aggressive [218]1[222]

assembled PWBs [213]

carbon dioxide (CO2) jet spray [222]

classifications 2121
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Index Terms Links

Cleaning (Cont.)

fragile components [218]
hybrid circuits [213]
plasma (212121912211
plastic surface 2221
semiaqueous [213]
SNow 2221
ultrasonically 2171 [21%]
ultraviolet radiation 2211
ultraviolet/ozone [222]
vapor degreasing [215]
Cleaning consoles [410]
Cleaning solutions 2171
Cleaning solvents
categorized [2081[209]
currently acceptable [210]
selecting optimum [413]
solder flux [212]
water [212]
Cleanliness methods
Closed fluid system 2411
CMOS
second generation chips [425]
stress-sensor chip [419]
Coating application methods 226122712281
Coating formulation
composition and chemistry 23]
Coating formulations
fluorescent dye indicator 3891
Coating material
preparation and condition of [223]
Coating or encapsulant
determining effectiveness [423]
Coating removal method
Coatings [e01[267]
additives [440]
adhesion (39314301
applying thick
atomizing 2311
automatic selective dispensing [241]
automotive applications 3371
breakdown 2821
brush [232]
commercially available
constituents tendency to migrate [264]
control flow properties
coverage and integrity [426]
curing rapidly [2372]
current standard for qualification 2931
density of [440]
dewetting 3931
durability of cured [448]
effectiveness [(321[282]
electrical properties [464]
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Index Terms

Coating (Cont.)
engineering and manufacturing
requirements
environmental protective
extrusion
flammability tests
flat stock
flaws in a cured
flexibility of
flexible dip
function
functions of
interlayer dielectrics
irregular shapes
irregular-shaped components
large dual-sided panels
large flat surfaces
low surface tensions
measuring thickness
medical applications
microelectronic applications
military and high-reliability
applications
moisture permeability
needle-based dispensing
pinholes
predicting reliability/life expectancy
protect bare chip devices
purposes
PWA functions
repair
resistance to separation
space applications
space-grade
storage
stress buffers
stress-relief
surface tension
tamper-proof
thermal limits
thickness
vapor or vacuum deposition
viscosity of
wire bonds
Coefficient of friction (CoF)
Coefficient of thermal expansion (CTE)
Cohesive failure
Coil impregnation
polymer types
Collector-to-base current (ICBO)
Commercial and industrial applications
reliability
Communications satellites
reduce volume, weight, and cost
Compatibility of materials
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Index Terms

Condensation prevention
Condensation-cured polyimides

properties
Conductance

of current
Conductance or conductivity
Conduction mechanism in organic

materials
Conductive anodic filaments (CAF)

formation

mechanism
Conductive fillers
Conductive path
Conductive properties
Conductivity

of filler

of plastic

thermal
Conductor lines

forming
Cone and plate viscometers
Conformal coatings
Constant humidity ambients
Contact angle

goniometers

measurement

water bead
Contact fatigue adhesion test
Contaminant gases
Contaminants

categorized

control of

ion

removing from a surface

sources of
Contamination

fingerprints

forward

reverse
Contractor responsibility
Convection oven
Conversion coatings
Conveyorized automated scrubbing
Conveyorized belt furnace
Copper carboxylate reaction
Copper migration problem
Copper-polyimide multilayer structure
Corona discharge

preventing
Corona inception voltage

See also Partial discharge
Corrective action document
Corrosion

accelerated

decreased

Links

g

[143] [1501

g

(331 [39]
[42]

[ 406 |

[ 56 |

Ed HERERERE

[0 [(271[280][293]
[434]
312207
(4411
4131
[413]
(4311
[260]
%mmmm

(3931 (41314181 [4641
210
20612071

[ 469 |

[4021[436]
O 021
2]

This page has been reformatted by Knovel to provide easier navigation.




Index Terms

Corrosion (Cont.)
detectors
effects
galvanic
inhibition

metals and bimetallic combinations

moisture-induced

resistance for metals

specifications

test
Corrosion and etching
Corrosion prevention

key factors
Corrosion protection
Corrosive acids
Corrosive environments
Corrosive fluxes

incomplete removal

Corrosive/protection effects of epoxies

COTs (Commercial Off-the Shelf)
electronics
CoulombZs equation
Cross contamination
Crosslinking
CTFE
Cure
condensation
determination of degree
optimum conditions
schedules
secondary heat
time
Cure and polymerization
two-part system
Cured coatings
Curing
inert ambient
isocyanates
low temperature
methods
process
rapid
room temperature
schedule
shortening time and temperature
silicones
step
Curing agent. See Hardener
Curing epoxies
with tertiary amines
Curtain coating
Cycloaliphatic epoxies
Cyclotene
See also BCB
by-products
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Index Terms Links
Cyclotene (Cont.)
cure [ 170
dielectric constants 71
dissipation factors 0711
electrical properties 7 0721
film properties 1741
moisture absorption 0721
photocurable composition [T701
physical properties AN
polymerization process | 169 |
siloxane structure 0721
tetramethyl divinyl siloxane
(DVS) 1691
thermal stability 0731
volume resistivity 71
D
Damp heat acceleration of aging 3901
Decomposition
BCB 0751
of epoxies (10211041
of polyvinyl chloride [Z8]
thermal 1331
Decontamination [3533]
Degree of cure
of a polymer 471
of the resin binder [42]
Degree of planarization (DOP) 71l
Degree of thermal conductance [36]
Delamination 4104311
orange peeling/mealing
Delectric constants 44
Dendrites [404]
Dendritic growth [404]
Density [ 430 ]

Desiccant method
Desiccating organic solvent
Design
cost-effective
Design ground rules
Design process
consideration of reliability
Desmodurs
Desmophens
Destructive analysis
Destructive physical analysis (DPA)
tests
Dewetting
Diallylisophthalates
Diallylphthalates
ester monomers
properties
Diamond
Dicyandiamide (Dicy)
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Dielectric
engineering properties
integrity
interlayer
isolation
layers
loss angle
materials
Dielectric breakdown
See also Dielectric strength
preventing
voltage
Dielectric coatings
photoimageable
Dielectric constant

gases
polymer coating
Dielectric strength
data
epoxies
measuring
reductions in
values
Differential scanning calorimetry (DSC)
Differential thermal analysis (DTA)
Diffusion barrier
between copper and polyimide
Diglycidyl ether epoxies
Diluents
Dip coating
electrocoating
vacuum impregnation
Dipole moment
Diradicals
Discolorations
charring
Dissimilar metals
Dissipation factor

insulating coating
Dissolution of thin-film metallizations
Divinylsiloxane bisbenzocyclobutene
Doping
Double cure mechanism
DRAMs alpha emissions
Dry Cup method
Dry etching
Dry plasma etching
Drying
DuNouy tensiometer
Durability of a cured coating
Durable finish system
Durimide
Durometer
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Index Terms Links
Dynamic Vapor Sorption (DVS) [449]
Dynometers [441]

E

E-beam processes [260]
E-coating (2401

Eddy current method [443]
Electric- or silent-discharge method 2611
Electrical applications [ 12611194

Electrical conductivity of metal-filled

plastics 411
Electrical functions 321

ionic residues [402]
Electrical insulating coatings [44]
Electrical insulation 21 321

properties [Z8] [99]
Electrical isolation 21
Electrical potentials 121
Electrical properties 41 471

epoxies

measuring 3881
Electrical test specifications [478]
Electrical tolerances 34]
Electrical values 331
Electrochemical cell (3991 [403]

formation
Electrochemical conversion coating [26]
Electrochemical corrosion.

See Galvanic corrosion
Electrocoating [240]
Electrodeless discharge 26112621
Electrolytes
Electrolytic corrosion

failures due to
Electromagnetic energy [338]
Electromagnetic/Radio Frequency

Interference (EMI)

shielding [56]

Electron acceptor [42]
Electron 6avalanched effect [30]
Electron donor 421
Electron Spectroscopy for Chemical

Analysis (ESCA) [4a4]
Electron-free plasma
Electronic applications 26112171261
Electronic assemblies

extending the life 3971

failure by moisture penetration
Electronic circuits

high-speed integrated 1781

ionic content [464]
Electronic failures

metal growth (4021
Electronic hardware

design and assessment of 3911
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Electrophoretic process
Electrostatic
fluidized bed process
spray
Elevated temperatures
tests
Ellipsometer
Elongation at break

EMI
commercially available coatings
shielding coatings
shielding effectiveness
Emission spectrographic methods
Emissions
Enameled wire
Encapsulant
Endurance
thermal
Entrapment of solvents
avoiding
Environmental chambers
Environmental protection
Environmental protective coatings
Environmental tests
accelerated
Environmentally benign treatments
Environments
automobile engine
harsh automotive
humid, tropical, or semitropical
under-the-hood
Enzymatic action of microorganisms
EPA
restrictions
Epon
1000F
1001F
1009F
Epoxidized polyolefin resins
catalysts
free-radical initiators
hardeners
Epoxies
adhesion
amine curing agents
amine-cured
anhydride-cured
arc resistance
cured structure
curing agents
desired thickness
dielectric constants
dielectric strengths
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Index Terms

Epoxies (Cont.)
dissipation factors
electrical properties
environments
equivalents
fillers
glob-top materials
heat cure
latent curing agents
low molecular weight
metal-filled
outgassing products
primers
properties
thermal degradation
thermal properties
volume resistivity

Epoxy and polyurethane coatings

Epoxy coatings
electrical properties
marine environment
properties
types
water absorption values

Epoxy polyamides
powder coatings
removal

Epoxy resins
acid catalyst
addition mechanism
aromatic ether
catalytic mechanism
ether linkages
properties
ultraviolet curing
unsaturated compounds

Epoxy ring

Epoxy-Bisphenol A type resins

Epoxy-novolac resin

Esterified solution coatings
unsaturated fatty-acid esters

Etching of metal

Ether linkages in a polymer structure

Eutectic mixtures

Excimer laser
direct-writing mode
programmed focused beam
scanning mode

Exposure thermal

Extruded coatings

Extruded insulation

Extrusion coaters

F

Failure analysis
document

[ 951 [96]

(03]
971
(931

234]

2701
(23] [B1] [82][202]
[94]
[(85]
971
(851
971
811
931
841
(321

1oz]

(781 (1781 [186] (1871 [T881[1901
(3281
[249] [250]

[472]
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Failure modes and mechanisms
Failures
adhesion
arcing
avoiding
catastrophic
electrolytic corrosion
Falling-weight test
Field effect transistors (FET)
Filiform corrosion
preventing
Fillers
Fillers and additives
Film thicknesses
Filtering
Final inspection
destructive physical analysis (DPA)
tests
nondestructive screen tests
visual inspection
Fingerprints
effect of
Fire performance
predicting
protecting electrical boxes
Flaking and cracking
Flame photometry
Flame resistance
Flame-retardant formulations
Flammability
degree of
of materials
tests
Flammable solvents
Flash primers
Flashover voltage
Flexibility of a coating
Flexible flat-panel displays
Flight and space hardware
Flip-chip bonding
See also polyimides
Flip-chip packages
solder maskants
Flow behavior of a liquid
Flow cups
Flow properties
Fluidized-bed
coatings
process
Fluorel
Fluorinated monomers
Fluorinated polymers
benzoxazole
electrical properties
Fluoro-parylene
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Index Terms Links
Fluoroacrylate WE
Fluorocarbon coatings

cooled 1781
cure temperatures 1751
key attributes 1811
sintering cycles 1781
wetting agent [0z81
Fluorocarbon plasmas
Fluorocarbon polymers. See Teflon
addition polymerization 0731
basic 1731
chemical and solvent resistance
copolymerization 0731
Fluorocarbon polymers (Cont.)
cryogenic temperatures [182]
unique properties 1871
Fluorocarbons [18al
See also fluoroacrylates
by-products =11
dielectric materials 3471
dielectric power losses 0831
electrical properties 1811 [I83]
limitations in electronics [18al
mechanical properties 1811
purity [OR1]
surface resistivities 1831
volume resistivities (1831
Fluoropolymers [174]
Flux removal 21212131
Flux residues [288]
Food and Drug Administration (FDA)
requirements
Force of attraction 44
Formulations
cure in minutes [284]
heat curing [42]
substitutions 3881
Formvar. 73]
See also polyvinyl
formal
Fourier equation [436]
Fractional distillation 1181
Free-radical (1091 1211
curing
initiator 1211
mechanism 193]
polymerization 25351
Freons. [2101[2716]
Full cure 1261
Fungal growth 23]
Fungicides 221
Fungus resistance [78]
properties 23]
tests [433]
varnish 231
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Index Terms Links

G
Galvanic corrosion 011 [O02]

See also Electrochemical corrosion

prevention 141
Gamma radiation [56]

altering the surfaces [263]

classes of polymers 2631

practical applications

sources 2631
Gas chromatographic analysis
Gas chromatography [462]
Gas permeabilities of polymer

films 151
Gas-liquid chromatography [4&62]
Gas-solid chromatography [463]
Gaseous monomers polymerization [238]
Getter [20]

materials 3271
Glob-topping (3231
Glow-discharge method [ 20] |
Glow-discharge/RF plasma methods

advantages
Gold bumps [296]
Goniometers [441]
Grease-like residues

removing
Ground or marine equipment 271
Guarded-hot-plate apparati [437]
H
Halogenated olefins [262]
Halogenated solvents 211 [213]
Hard bake
Hardener

choice of A

reactive 921
Hardness measurements [445]
Hardness of a coating [1g]
Hardness values O8]
HAST (highly accelerated stress test)

stress conditions [390]
Heat

conducting [33]

dissipation Gal

vulcanizing silicones 1211
Heat curing (93123212391

Heat-cure equipment

Heat-cured epoxies

Heat-flow meter

Hermetic sealing

Hermetically sealed circuits

Hermetically-sealed enclosures

Heteropolymerization

High dielectric strengths

High-density, high-speed devices
and circuits

o BEEEzEEH
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Index Terms

High-density interconnect (HDI)
High-density multichip interconnect
(HDMI)
High-frequency, high-speed digital
circuits
High-molecular-weight polymers
Hitachi
Holographic phase mask
Homopolymerization
Hot dipping
Hot-melt flame spraying
Humidity
cycle
exposure
Humidity/temperature cycling
test
Hybrid circuits
Hybrid microcircuits and multichip
high-reliability
Hydrocarbon and fluorocarbon
films
Hydrocarbon and transformer oils
Hydrophilic
residues
Hydrophobic
Hydroxy functionality
Hydroxyl-terminated silicones
Hygroscopic
residues

I
Imagecure.
Imidization
Immersion cleaning
Immersion methods
Impact
force of
test
In-process testing
Industry documents
Inert ambient enclosures
Inert gas ambient
Infrared radiation
absorption of
transmission of
Infrared spectra
Infrared spectrographic analysis
Infrared spectroscopy
Initiator
See also Catalyst
free-radical
Inorganic coating
Inorganic or salt-like residues
Inspection
final

Links
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(3901 [392] (3971 [417]
[293]
[415]
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Insulating or protective coatings [44]
Insulation properties [44]

humid conditions [282]
Insulation resistance (IR) 321 [34] [430]

decrease in 2821

measurements [293]
Insulative film [14]
Insulators [42]

thermal transmission properties [438]
Integral coating
Interactions of materials (3911
Interconnect pads

redistributing [324]

Interface

between polyimide and device [295]

Interconnect pads (Cont.)

durability 2951

tensions 3]
Interferometer [443]
Interlayer dielectrics 21047

DuPont 3071

fluorocarbon polymers, and

epoxies [314]

qualification tests [38%]
Intermolecular hydrogen abstraction [236]
Intramolecular photocleavage
Intumescent coatings (601
Ion-exchange resin filters [4101
Ionic and non-ionic residues [4071
Ionic content [464]
Ionic salt formations 1471
lons

extraction [408]

formed by breakdown of polymer

structure (4081
IPC-B-25A

evaluating efficiency of cleaning

processes 4111
IPC-B-25A Multipurpose Test Board [2931]
IPC-CC-830A [293]
IPC-SM-840 (3231
IPC-TM-650 [ 203 ]
IR spectra of organic materials 4701
Isocyanate

blocked 2]
Isothermal gravimetric analysis (IGA)
K
Ketone polymers [O87]
L
Laminar-flow ovens
Laminar-flow work stations [204]
Laser ablation

of a polyimide [303]
Laser etching

variations of 3171
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Index Terms

Latex maskants
Lead-free solders
Leakage currents
increase in
migrating ions
Lewis
acids
bases
Life expectancies
85/85 test
predicting
product
Liquid
density of
Liquid coating solution
thin magnet wire
Liquid latex maskant
strippable
Liquid maskant
Lubricity
M
Macro-molecular structure
Magnesium
alkalinity
Magnesium for military uses
Magnesium-lithium alloys
Magnet wire
classified
insulation
requirements and standards
solderable coatings
Magnetic separation equipment
Manometric test method
Manufacturing
desirable requirements
issues
Marine environments
Maskants
permanent
solder
temporary
Masking
Mass spectrometry
analysis
Master Events Controller (MEC)
board
Material
deflection temperature under
load
expansion coefficient
procurement specifications
properties and behavior
specifications

Material Safety Data Sheets (MSDS)

Links
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Materials and conditions

selecting optimum
MCM

D types (Deposited Dielectric)

fabricating D multichip modules [303]

L multichip module substrate
Mealing [394]
Measurements non-destructive
Mechanical properties [439]
Mechanical stresses and thermal

resistance [425]
Memory devices [323]
MEMS 0371
Meniscus coating [249]
Metal

avoiding whisker growth [403]

inorganic fillers (53]

ions [464]
Metal migration & Ol

conditions to occur [404]

electronic failues [402]

prevent or suppress [X]
Metal particles

meticulous cleaning 411

on electronic assemblies 2071
Metal protection 24]
Metal/polymer interface

diffusion and chemical reactions of

metal ions [4031]
Methylene bis(4-phenylisocyanate) [ 106]
Micro-impact testing [431]
Microbe-resistant coating 24
Microbial

growth 221 23]

resistance 241
Microbridges

crossovers (3181
Microcircuits

failure caused by particles 3261

high-reliability applications 4131

metal migration failures [4031
Microcracks and/or pinholes &l
Microdiodes

increase in leakage current
Microelectronics 0191

advanced 1341

circuits 1681

industry 1421

packaging 0371
Micrometer method [4472]
Microorganisms 221
Microramps [31%]
Microscopic inspection test [441]
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Index Terms

Microvias
epoxy
holographic phase mask
Microwave
air-gap microbridge connections
curing
Migration
of copper
of metal
of silver
See also Silver migration
MIL-HDBK-1547A
MIL-1-46058C
MIL-P-55110E
MIL-STD-202 tests
Mildew formation
Military
applications
uses
Military and commercial applications
Military and space applications
plastic encapsulated or polymer
coated devices
Military and space electronics
secure systems
Miniaturization
Minuteman missile
MMIC devices
air-gap microbridge connections
Mobile ions
inversion layers
Modulus of elasticity
Moisture
absorption
contaminants
curing
detectors
exposure
impermeability
permeability
protection
Moisture sensor chip (MSC)
Moisture vapor transmission rate
(MVTR)
Moisture-cured
advantages of polyurethanes
prepolymers
Molecular weight
Monomers
Multichip module (MCM-D) substrates
fabricating thin-film
Multimode Interference (MMI)
waveguides
MVTRs of polymer coatings

Links
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N
Nanoporous dielectrics
NASA
outgassing
reference publication
sterilization procedures
National Emissions Standards for
HAP
Natural space radiation environment
Needle-based dispensing
Negative temperature coefficients of
resistivity
Negative-acting formulation
NEMA- MW-1000
Neoprene
Newtonian liquids
Nichrome resistors
corrosion of
No-clean fluxes
Non-destructive thickness
measurements

Non-flammable
material
solvents
Non-metallic particles
Non-nutrient
Non-ozone depleting solvents
Non-polar
hydrophobic surface contaminants
polymers
solvents
Non-solvent containing compositions
Non-solvent-containing coatings
emission of volatile organic
compounds
Non-wetting
complete
surfaces
Nonesterified solutions coatings
heat cure
problems in use
NOVA HT.
See alsoParylenes
high temperature resistance
properties
Novec EGC-1700
See alsoFluoroacrylate
properties
Novolac resins
characteristics
properties
Novolac-epoxy formulation
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Index Terms

Nutrient
decomposition products
fungus
microorganisms
plasticizers
substrates

Nylon. SeePolyamides
6,6
polyamide uses

(0]

Oil-modified urethanes

Olefins halogenated

Oleoresinous varnish

Olyphant washer test

One hundred percent solids epoxy

coatings
One-part or two-part systems
One-part polymer coatings
One-part systems

in manufacturing

Optimum catalyst concentrations

Optimum coating
Optoelectronics
Orange peel

Organic
changes in materials
contaminants
extracting contaminants
Organic coatings

automobiles
for wire
Organic residues
Organic solvents
solutions
Organo-silanes
OSHA
restrictions
Outdoor exposure conditions
Outgassed
products
reduce the amount
Outgassing
getter material
postbaking
preconditioning
products
Ovens
Overcoatings
metal conductors
protect from chemicals
protect from humidity
Overlay process
Oxidation

Links
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Oxides on metal surfaces
Oxirane ring
Oxygen
plasma
scavengers
Ozone depleting solvents
P
Packaging technology
Parasitic capacitances
Partial discharge
See also Corona
Particle Impact Noise Detection (PIND)
test
Particles
detecting loose
getter
getters
immobilizing
immobilizing coating
shielding
Particulate contaminants
Parylene C
covalently-bonded chlorine
atoms
deposition rate
insulation resistance
Parylene coatings
addition mechanism
applied by vapor deposition
benefits and limitations
by-products
improving life of solder joints
masking of vapor-deposited
particle-immobilizing coatings
purity
starting material
thin coatings
Parylene films
properties
thermal exposure
thermal stabilities
Parylenes
adhesion
application
benefits
by-products
chemical resistance
electrical properties
failure time
medical applications
moisture vapor transmission rates
(MVTR)
reinforce connections
removal
space applications

Links
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821

[ 220 ]

[236] [261]

[222]

3231
[43]
[55]
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571
(1391
2031
3271
(1391
[159]
(3941
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(1641
[T64]
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Index Terms Links
Parylenes (Cont.)
thermal and mechanical properties [1631[163]
thermal oxidative instabilities [Te4]
types [156] [1391[160] [T631

vapor deposited
Pass filter
Passivation materials
Pattern plating
PEEK
aromatic structure
electrical properties
electronic applications
ether linkages
mechanical properties
polyaryletheretherketone
resistance to hydrolysis
thermal stability
Penetration
of carbon dioxide
of hydrogen sulfide
of oxygen
of sulfur dioxide
Peracetic acid
epoxies
resins
Performance of vinyl coatings
Permeability
See also Moisture
vapor transmission rate

EHEE BERE HEEEEHEREEEEH

cup method [449]
Permeation

gases 14

through the polymer structure [l
Permittivity. SeeDielectric constant
Peroxide-initiated free-radical

cure. See Silicones
Phenolic coatings

corrosion of copper

fillers [1o1]

mechanical or electrical properties [191]

polymerization 1911
Phenolic resins

acid or base catalyst [1o1]

chemical reaction o1

hardening 1911

uses 1911
Phenolic varnishes

chemical and environmental

resistance 1911
Phenolics

commercial products [1o1]
Phosphoric acid-water-isopropyl

alcohol solution (311
Photo-induced polymerization [233]
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Photocured coatings
limitations
physical and mechanical properties
Photodefinable epoxy formulations
Photoelectric-eye principle
Photoemulsion compositions
Photoimageable
coatings
polyimides
polymer processes
Photoinitiator
Photoreactive unsaturated ester
groups
ionic salt formations
Photoresists
deposition of liquid
high resolution circuits
negative types
positive types
temporary organic coatings
Photosensitive
polyimide technology
polyimides
Phthalic anhydride
Physics of failure (PoF) design
steps
Pinholes
detection
Plain enamel
Planar waveguides
Planarization
Plasma
etching
polymerization
Plasma cleaning
beneficial effects
Plastic encapsulated
devices (PEDs) life expectancies
microcircuits (PEMs)
Plastic packaged devices
testing mechanical integrity
Plastic printed circuit board
moisture
Plasticizers
stability
Plastics metal-filled
Plating resists
Platinum catalyst
Ploughing
Plunkett, Dr. Roy
Polar
groups
non-polar groups
solvents
structures
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471
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Poly-p-xylylene films. See Parylenes
quinoid compound
Polyacetylene
Polyamic-acid resin
synthesis
Polyamic-ester precursors
Polyamide coatings
electrical properties
Polyamide resins
repeating amide group
types
Polyamide-cured epoxies
Polyamide-epoxy combinations
Polyamides
See also Nylon
commercial applications
condensation polymers
curing epoxies
hardeners
mechanical properties
Polyaniline
Polyarylsulfones (PAS)
properties
Polychlorotrifluoroethylene (CTFE)
Polyesters
alkyd resins
ester group
excess isocyanate groups
general structure
Polyesters (Cont.)
types
unsaturated
varnishes
Polyethers
high molecular weight
long-chain
Polyimides

addition curing

adhesion to surfaces

aromatic ring structure

as a buffer

by-products

chemical and radiation resistance
coatings

CTE

curing temperature

dielectric constants

electrical and physical properties
film properties

flip-chip bonding

gamma radiation

holographic phase mask
imidization

limitations

Links

[145]
(1901
[190]

[139]
189l
(0% ]
(1901
[07]

(881

(381

2] 211 (33701431 [2981[307]
[308] [352]

[150]
(1301
[150]
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Polyimides (Cont.)
microramps
negative-acting
overcoating
photoimageable
precursors
properties
removal
self-priming
stress buffers
thermal stabilities
types
ultraviolet light
uses
water absorptions
wet etch process

Polymer
latexes
resin binders
Polymer coatings
classified
corrosion properties
Polymer systems

CTE differences between layers

Polymer thick films (PTF)
automotive sensor resistors
ceramic substrate resistors
copper conductors
dielectrics
pastes
resistor properties
Polymer thick films (Cont.)
resistor stability
soldering conductors

Polymeric materials
thermal stability

Polymerization
degree of
electron-beam exposure
free-radical addition
free-radical addition-type
process
rate of
reaction
shrinkage during

Polymers
metal-filled
purest
types

Polymethylmethacrylate

Polyol compounds

Polyolefins

Polyparaphenylene

Polyphenylene sulfide

Polypyrrole

531

Links

3181
(1471
[ 339
[154]
1471
(1481 [150]
2701
1331

[ 460 |

(82]
2601
[70]
(811
[255]
[(86]
82]
(3931

[41]
[130]
[63]
[66]

HEBEHE
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Polysiloxane oligomers
Polystyrenes
limitations
properties
radiation resistance
refractive index
Polysulfide resins
curing agent
free-radical mechanism
Polysulfides
aliphatic polymers
commercial applications
curing agent
dielectric constants
electrical properties
fillers
generalized structure
insulation resistance
polymerization
properties
uses
Polysulfones
aromatic structures
basic polymer structure
Polytetrafluoroethylene (Teflon)
Polythiophene
Polyurethane chemistry
common reaction
urethane linkage
Polyurethane coatings
cured at room temperature
electrical insulation properties
tolylene diisocyanate
wire enamels
Polyurethanes
basic chemistry
flexible
free isocyanate groups
key attribute
moisture cured
nonreactive lacquers
phenol-blocked
potting compounds
pre-reacted
properties
reactive hydrogen atoms
removal
solderable insulation
two-part system
types
Polyvinyl alcohols (PVA)
limitations
removable coatings

Links

921
(041
[194]
[194]
(1921
[o4]
(1921
[104]
(1921

(1861

2311041
1057
2721
(108
[104]
[106]
(1081
[108]
[104]
114
(108
[268]
37
(1061

78]
(3641
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Polyvinyl chloride (PVC)
fillers
limitations
plasticizers, additives
stabilizers

Polyvinyl formal
basic functional units
electrical properties
modified with resins
properties
solder-through properties

Polyvinylacetate coatings
removable

Polyvinyls
acetal
butyral
fluoride (PVF)
limitations of

Polyxylylene

Popcorning

Porosity tests

Postbaking

Pot life
controlling and extending
reduce

Potting compounds

Powder coatings

Power factor. SeeDissipation factor

Power supplies
high-voltage

Precursor polymer in a solvent

solution
Prepolymerized acrylates
Pressure cooker test (PCT)
See also Highly

accelerated stress test (HAST)

Pressurized liquid spray
Pretreatments

Pretreatments and primer coatings

Primary vinyls
Primers
internal
Printed circuit assemblies

qualification and performance of

conformal coating
Printed circuit board
Printed circuits assemblies

insulation resistance patterns
Printed wiring assembly (PWA)

inspection criteria

performance and long-term reliability

Printed wiring board (PWB)
coatings
coatings qualifications
high-density multilayer

[(74] 751053441

0371
371
[232]1[2331[234]

[282]

0431
[66]
(2951 [4191[453]

2311
241
[24]
73]
(4] [24] [26] (3ol [321[224]
224]

(3881
41

[ 389 |

2881

671
(2801 [290]
[293]
(3141
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Printed wiring board (PWB) (Cont.)

low-cost alternative [314]

polymer type coatings [289]

qualification [293 ]
Processing conditions

monitoring for reliability
Procurement document [470]
Production

coating [203]

test patterns
Projection laser ablation

high production [31]]
Protection

against humidity and salt spray

chemical treatments [26]

from corrosion [31[402]

epoxy-glass laminates 2821

from ionic residues 131

from physical abuse 21 O3]

of printed circuit boards 1141

from radiation 211

solder joints and solder-plated

surf 271

from terrestrial environments 3]
PTFE

dielectric materials 3271
Pull-off test [4411[442]
Pumice scrubbing 2181
Purification methods and process

controls
Pyknometers [440]
Pyralin. PI-2611 [144]
Pyrograms. SeeTGA curves
Q
Quadrupole mass spectrometer [463]
Qualification criteria 4701

automotive industry [388]

plastic-coated microcircuits [415]

space applications [38%]
Qualified Product List (QPL) 3881
Quality assurance

provisions [471]
Quality control

method (331

testing
R
Rad-hard [21]
Radiation

effects of [341]

effects on properties 3411

hardness [341]

mercury-arc [348]

outgassing 3421

penetrating [341]

This page has been reformatted by Knovel to provide easier navigation.




Index Terms Links
Radiation (Cont.)
permanent damage [342]
resistance to [346]
side effects [342]
solar 3411
space [34T1]
total dose testing [435]
uv 3481
Radio-frequency plasma [2a2]
Rates
degradation reactions [390]
reaction
recovery 391
withdrawal
Reaction [66]
addition type [ 66]
Realistic reliability assessment 3011
Recoating 2721
Red-lead primer 310
Refractive index [443]
Relative humidity environments [434]
Reliability
assuring 3871
coated assembly [407]
coating [390]
corrective action program [388]
high-density electronic circuits (501
initial design [3871
performance of the assembly [396]
Removal
difficult coatings 2701
epoxy polyamides [270]
hard silicones 270l
of heat
parylene 2701
polyimides 2701
Removal (Cont.)
polyurethane or acrylic
replacement after coating 2681
silicones [270]
soft elastomeric silicones 2701
Residual
contaminants [203]
gas analysis (RGA) (4631
moisture requirement 2231
silicone [ 204 ]
Residues
inorganic or salt-like
ion 2031
ionic salt [219]
organic [2211[264]
pumice [219]
removal 2201
salt [417]
Resin binders 3711
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Resins
ion removal
Resist
dry-film
radiation sources and lithographic
processes
steps in etching
Resistance
atomic oxygen
to attack by microorganisms
calculated
to electromigration
to ionizing radiation
to microorganisms
to moisture and chemicals
to salt spray
to sliding
space environments
specific
thermal
to thermal shock
values
versus time
wear
Resistive (loss) component
Resistivity
changes
decrease in
measuring
temperature dependence
values
variation with temperature
Resistors
low-cost screen-printable
polymer thick film
power
tolerances
Reversion
Rework
discolorations
methods
RIE process
Rinsing and drying
Roller coating
Room temperature vulcanizing (RTV)
silicone
radiation resistance
stress reduced coating
Round wire
polyimide-coated
Rust-inhibiting pigments
S
Safety of operating personnel
Salicylanilide
Scanning electron microscopy

Links
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(3071 [439]
3991 [411]
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26812691
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191 (1371
(3461

[339]
311

[264]
23]
[447]
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Scanning laser ablation (SLA)
Scrape adhesion test
Scratch tests
Screen printing
applications
Selective deposition
Self-ignition of the coating
Semiconductive
Semiconductor
applications
devices
grade coatings and materials
reliability
stabilize junctions
Service life
Shelf life
Shielding
Shrinkage
affecting percentage of
thermal expansion
Silanol
Silica-on-silicon waveguides
Silicon oxide (silica),
Silicone alkyds
coatings
coatings limitations
phthalic anhydride
Silicone coatings
applications
particle-immobilizing
ultraviolet indicator
Silicone resins
alkoxy groups
basic
carbon free-radical
cure mechanisms
methyl free radical
microelectronics
Silicone resins (Cont.)
starting materials
Silicones

aliphatic or aromatic hydrocarbons
automobiles

by-product

catalysts

chemistry

chip-scale packages
commercially available
condensation mechanism
cure schedules

dielectric breakdown voltages
dielectric constants

diesters

dip coated

537
Links

(3171

4411

[431][442]

[227] [243][3031

[245]

2401

[54]
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Silicones (Cont.)
dissipation factor
drawbacks
electrical properties
ester
fluorocarbons
formulations
full cure
gel migration
general structure
getter materials
getters
heat vulcanizing types
hydroxyl-terminated
key attributes
medical applications
moisture cure

moisture vapor transmission rates

non-coating applications

non-migrating

organic groups

polymers

properties

relieve stresses

removal

RTV types

semi-organic structure

siloxane

soft

space applications

thermal resistance

two-part

uses

vinyl end-blocking group

water repellents
Siloxanes

block copolymers

particle getters

vinyl end-blocked prepolymer

Siloxanes polymer catalyst
Siloxanes polymers

free-radical mechanism
Silver migration

positively-charged silver ions

Sirometer

Soft
bake
errors

Solder
bumping
corrosion
flux
maskants
masking
wettability

Links

1301
[116]
21

[ 99|
(o1]

[126]
271
34
1zl

BBV
[26]

[ 300 ]

(3971

[209] [212][213]

[2021[3221[324]
2]

[223]
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Solvent
ultrasonic
ultrasonic agitated bath
Solvent-based coating
Solventless formulations
Solvents
acceptable cleaning
avoiding emissions
azeotrope
hydrophilic
hydrophobic
immersion cleaning
non-ozone depleting
organic
ozone depleting
processing chemicals
spraying
Space applications
parylenes
qualification
silicones
Space environments
test methods
Space vehicles
reduce volume, weight, and cost
requirements for
Spacecraft
electronic packaging
sterilization
Specifications
documents
governing viscosity measurements
government
industry associations
internal company
military
military and government
performance
performance/requirements
Specifications (Cont.)
process
reproducibility and quality
Spectra of molecules
Spin coating
thickness
Spray cleaning
assemblies
Spray coating
Spun-on coatings
substrates
Stability
thermal oxidative
thermal tests
Starting materials
catalyst

539

Links

2181
[217]
[126]

2081 [210]
2541
2091

(3311
[(388]
B30
(791 [Te4] (1861 (3401 [352]
04901
5]
(3401

[355]
(33531
(2891 [470]
[469]
[440]
[472][473]
472]
4721

(6] [46]
4721
[469]

[4691 [471]

| 388 ]

[464]

(2461 [2471[249]
2471

214

[213]
2271 2311
2471

[126] [460]
[439]

2]
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State and federal regulations
Static discharge
Sterilization
thermal
Stress
buffer coatings
fifty percent reduction
measuring quantitatively
method to measure
problems
reduced
testing
thermometers
Stress-related failure mechanisms
temperature dependent
Substrate
deformation
failure
properties
Surface
etching
high surface energies
preparation
properties
removal of contaminants
treatments
Surface acoustic microscopy (SAM)
detect internal discontinuities
Surface energies
Surface insulation resistance (SIR)
measuring
reduction in
Surface resistivity
effects of humidity
reductions in
Surface tension
of the coating
of the substrate
reduce
Surface texture of a substrate
Surfactants
Susceptibility of materials to fungi
Sward hardness
Synthetic coatings
System-in-a-package (SIP)
T
Taber abrasion
resistance values
test
Taber wear index
Tamper-proof coatings
Tape
adhesion test
pull adhesion
pull test

Links

[284]
263 ]

(3551 [356]

[ 430 ]

[ 262 |

g

[ 20 |

331 138114111
[ 39 ]

[ 439 |
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[295]
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Tape (Cont.)
wrapping
Teflon
dielectric constants
dissipation factors
electrical properties
fillers
properties
thermal properties
Teflon coatings
adhesion
applied
electronics applications
mechanical and electrical properties
mechanical properties
water-based dispersions
Tefzel ETFE
Temperature-resistivity curves
Temperature-sensitive devices
Tensiometers
Terrestrial environments
Tertiary amines
catalysts
Test chips
measure moisture resistance and
stress effects
Test methods
chemical and physical
changes
documents
effectiveness of cleaning
Test specimens
X, Y pattern
Testers
portable hardness
Tests
85/85
adhesion of coating
atomizer
barrier properties of coatings
change in reflectance measurement
chemical etching
conditions
contact fatigue adhesion
degree of porosity
detecting surface discontinuities or
internal disc
determining total ionic content
dye penetration
electrical
elemental analysis
emission spectrographic
evolution of hydrogen gas
film integrity
flammability

541

Links
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(4371 (4731 [479]
[439]

[469] [479]
4091

[463]

[446]
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Test (Cont.)
flammability for wire insulation [333]
fungus [293]
fungus resistance [433]
hardness [446]
highly accelerated stress (HAST) 41714331 [434]
humidity 3881
humidity/temperature cycling
hyrdochloric acid [426]
measuring ionic contents [4071
micro-impact [431]
microscopic inspection [441]
MIL-STD-202 [413]
nondestructive and destructive 2711
nondestructive screen [390]
other hardness and scratch 18]
outgassing [2891[349]
particle impact noise detection (PIND) [326]
PCT [434]
pencil hardness BES
physical and electrical [293]
physical and mechanical
pinholes [4261[447]
plastic-coated or plastic-encapsulated
microcircuit [415]
pull-off [4411[442]
qualification [2931[388]
qualification of solder maskants [323]
quality assurance 2661
quality control 301
rapid screening [401]
reversion [418]
rigid molding or encapsulating
compounds
salt spray (141
scrape adhesion 4411 [442]
scratch [431]
surface insulation resistance (SIR) [413]
Sward hardness [181[443]
Taber abrasion [16][447]
tape adhesion [441]
tape pull [ 430 |
ten-day humidity-temperature cycling [2801
thermal
thermal stability [439]
total dose radiation [4335]
total mass loss (TML) [349]
trace amounts of ions [413]
uv reflectance measurement [349]
water break-free [413]
water vapor regained (WVR) 3491
Tetrafluoro-p-xylylene. See Nova HT
Tg 4171
polymer [ 408 |
Thermal conductance [436]
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Thermal conductivity (5514581

C value

equation [457]

unfilled polymers [36]
Thermal gravimetric analysis (TGA) (10414591
Thermal index [329]
Thermal life (3391
Thermal mechanical stresses 1301
Thermal testing [436]
Thermid 1471
Thermomechanical analysis (TMA) [439]1 (4601
Thermoplastic

polyamides [189]

polymers Al
Thermosetting

attributes of polyamides [ 189]

coatings (3351

epoxies
Thick films

cermet [370]

polymer (PTF) (3701 3711
Thickness

coatings 2661

controlling [307]

cured [284]

dip-coated part 2371

edge coverage [394]

effect

measurements [443]

non-destructive measurements [ 266 ]
Thin-film

aluminum metallization

capacitors [423]

coatings to reduce weight, volume,

and cost [294]

dissolution of metallizations

fingerprints on metallized substrates [399]
Thixotropic [ 56]

additives [394]

paste of the solvent [2701

wetting agents (3031
Three-component coatings
Three-step process (301
Throwaway items
Time-temperature curve [471]
Tin

lead solder design guidelines 271

non-lead solders [406]

whisker growth [406]
Tolylene diisocyanate [103]
Toxicity [265]
Tracking 4]
Tracking resistance. See Arc resistance
Transient free radicals [ 66 |
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Transmission paths or guides
creating
creating high
Triallylcyanurate polymer
limitations
Trimethylolpropane
Triple track (TT)
corrosion test structures
resistors
Two-part dip bath
Two-part systems
cure
epoxy
mixing
polyurethane
U
UL746C
Ultrasonic cleaning
limitations
Ultraviolet (uv)
cured
curing
indicator
irradiation
photolithography
polymerization monomers
radiation
Ultraviolet/ozone
cleaning
surface treatment
Underbump compliant layer
Unsaturated fatty-acid groups
drying time
Unsaturated group
Unsaturated polyesters
limitations
Uralkyd resin coatings
drying catalyst
main feature
Uralkyds. See polyurethanes
electrical applications
mixed hydroxy ester
pre-polymer resin
Urea linkages
Urethane
oils
technology

Useful in fabricating semiconductor

devices

A%

Vacuum
baking
degassing
impregnation

Van Allen belts

Links

(3211
211
(811
[(81]
[ 106 ]

[423]
[420]
[106] 1261
2371
(931
[106]

[289]
2171 [218]
2171

(931 [237]

(931 [254] [255] [236]
(1301 [2661[441]

2371
(3661
(3481

[2211[2221[414]
4
[(324]

(2]
[120]

71

[109]

(109l
[108]
(1081
[109]

[10%]
(1031

(331

[212][2231[396]
2371
[240]

211
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Van der Pauw structure [420]
Van der Waals force of attraction 71
Vapor degreasing 2090[2151[21611218]
Vapor depositing
p-polyxylylene (parylene) [243]
Teflon [243]
thermoplastics [243]
Variable frequency microwave (VFM)
curing [239]
parameters
Varnish impregnated [339]
Ventilation
Vesication 3921
Via and line definitions
Via-forming process
dry plasma etching [311]
laser ablation 3171
projection laser ablation [31%]
wet etching 311
Vias
forming 311
microvias 1471
process to form [314]
reactive ion etching 3111
Vinyl
copolymers 73]
modifications [75]
types 701
Vinyl end-blocking group 1201
See also Silicones
Vinyl polymers [24]
catalyst (741
free-radical reaction 741
Vinyl resins
secondary (751
Viscosity 32]
controlling [439]
solvent-based coatings
Visual defects [2661[392]

Volatile emissions

preventing exposure to [264]
Volatile organic compounds (VOC) [284]
content of an organic coating 2651
emissions regulations
Voltage flashover [282]
Volume resistivity 321 [33] [34] 18814501
deterioration in electrical properties 991
Volumetric test method 03]
W
Wafer
level CSPs advantages [324]
scale packaging advantages [324]
Wash primers (30l 731
epoxy topcoat system
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Water
drop test [413]
method of calculating MVTR [450]
repellents 1271
Water absorption [41[449]
data &l
risk of [282]
values &l
Waveguides
applications 3211
fabrication of 3211
potential for cost reduction [321]
silica-on-silicon 3211
substrate [321]
Weatherability chambers [454]
See also Atlas Weather-Ometer
Weight-per-gallon cups [440]
Wet cup method [430]
Wet etching 31
photodefinable dielectrics 3111
photoresist 311
Wettability
measure of liquid [441]
poor 31
Wetting
affinity to [441]
complete 3]
none 31
Wetting angle 31
See also Contact angle
Wetting properties
improving 3]
Wire
black enamels [333]
dual-insulated [330]
impregnation coatings [334]
insulating and protecting 3281
insure reliability [333]
organic coatings [330]
polyester coatings 3371
Wire enamels
coatings 73]
polyurethane coatings (3371
Wire insulation 74 9] 1881
major polymer types [334]
polyaryletheretherketone [338]
polyimide coatings [339]
Withdrawal rate
Work instructions [4691 4711
X
X-ray dispersion analysis [405]
X-ray photoelectron spectroscopy (XPS) [464]
analysis [464]
spectra [463]
X,Y pattern [463]
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Y
Y pattern test board 2931
Z
Z-direction interconnections 3111
Zytel [ 190 ]
Zytel. HTN [1o0]

This page has been reformatted by Knovel to provide easier navigation.

547



	Front Matter
	Preface
	Acknowledgments
	Front Matter
	Preface
	Acknowledgments
	Table of Contents
	1. Functions and Requirements of Coatings for Electronic Applications
	1.1 Functions and Requirements
	1.1.1 AdhesionThe Basic Requirement
	1.1.2 Other Requirements

	1.2 Environmental Protection Functions
	1.2.1 Moisture Protection
	1.2.2 Corrosion Protection
	1.2.3 Salt Spray Resistance
	1.2.4 Permeation of Gases
	1.2.5 Handling and Abrasion Resistance
	1.2.6 Resistance to Friction
	1.2.7 Hardness
	1.2.8 Particle Shielding
	1.2.9 Radiation Protection
	1.2.10 Resistance to Solvents and Processing Chemicals
	1.2.11 Resistance to Microorganisms

	1.3 Special Metal Protection
	1.3.1 Magnesium
	1.3.2 Tin-Lead Solder
	1.3.3 Aluminum
	1.3.4 Magnesium-Lithium Alloys
	1.3.5 Wash Primers
	1.3.6 Other Primers

	1.4 Electrical Functions
	1.4.1 Resistance and Resistivity
	1.4.2 Conductance and Conductivity
	1.4.3 Capacitance
	1.4.4 Dielectric Constant
	1.4.5 Dissipation Factor and Power Factor
	1.4.6 Variation of Dielectric Constant and Dissipation Factor with Temperature
	1.4.7 Variation of Dielectric Constant and Dissipation Factor with Degree of Cure
	1.4.8 Dielectric Strength and Breakdown Voltage
	1.4.9 Arc Resistance
	1.4.10 Corona

	1.5 Thermal Functions
	1.5.1 Ablative and Intumescent Coatings

	References

	2. Chemistry and Properties of Polymer Coatings
	2.1 Acrylics
	2.1.1 Chemistry
	2.1.2 Properties

	2.2 Polyesters
	2.2.1 Chemistry of Unsaturated Polyesters
	2.2.2 Chemistry of Alkyd Polyesters
	2.2.3 Properties of Alkyd Coatings

	2.3 Polyvinals
	2.3.1 Chemistry
	2.3.2 Properties

	2.4 Polystyrenes
	2.5 Diallylphthalate and Other Allylic Polymers
	2.6 Epoxies
	2.6.1 Chemistry
	2.6.2 Curing
	2.6.3 Classification of Epoxy Coatings
	2.6.4 Properties

	2.7  Polyurethanes
	2.7.1 Chemistry
	2.7.2 Classifications
	2.7.3 Properties

	2.8 Silicones
	2.8.1 Chemistry
	2.8.2 Properties

	2.9 Polyimides
	2.9.1 Chemistry
	2.9.2 Properties

	2.10 P-Polyxylylenes Parylenes
	2.10.1 Chemistry
	2.10.2 Properties of Parylene Coatings

	2.11 Benzocyclobutene Cyclotene
	2.11.1 Chemistry
	2.11.2 Properties

	2.12 Fluorocarbons and Fluorinated Polymers
	2.12.1 Chemistry
	2.12.2 Properties

	2.13 Polysulfones
	2.13.1 Chemistry
	2.13.2 Properties

	2.14 Polyaryletheretherketone Peek
	2.15 Polyamides
	2.15.1 Chemistry
	2.15.2 Properties

	2.16 Phenolics
	2.16.1 Chemistry
	2.16.2 Properties

	2.17 Polysulfides
	2.17.1 Chemistry
	2.17.2 Properties

	References

	3. Manufacturing Technology
	3.1 Masking
	3.1.1 Types of Maskants.
	3.1.2 Masking During Parylene Coating

	3.2 Cleaning
	3.2.1 Contamination Control
	3.2.2 The Nature and Effects of Contaminants
	3.2.3 Cleaning Solvents and Methods

	3.3 Surface Preparation
	3.3.1 Drying
	3.3.2 Vacuum Baking
	3.3.3 Priming
	3.3.4 Surface Etching
	3.3.5 Chemical Surface Preparation

	3.4 Coating Preparation
	3.4.1 Shelf Life and Pot Life
	3.4.2 One-part versus Two-part Systems
	3.4.3 Filtering
	3.4.4 Storage

	3.5 Application Methods
	3.5.1 Spray Coating
	3.5.2 Pressurized Liquid Spray
	3.5.3 Airless Spray
	3.5.4 Aerosol Spray
	3.5.5 Electrostatic Spray Coating
	3.5.6 Hot-melt Flame Spraying
	3.5.7 Dip Coating
	3.5.8 Fluidized-bed Coating
	3.5.9 Electrostatic Fluidized-bed Coating
	3.5.10 Electrocoating
	3.5.11 Vacuum Impregnation
	3.5.12 Needle-based Dispensing
	3.5.13 Automatic Selective Dispensing
	3.5.14 Vapor Deposition
	3.5.15 Screen Printing
	3.5.16 Roller Coating
	3.5.17 Spin Coating
	3.5.18 Extrusion Coating
	3.5.19 Meniscus Coating
	3.5.20 Curtain Coating
	3.5.21 Brush Coating

	3.6 Curing and Polymerization Processes
	3.6.1 Heat Curing
	3.6.2 Moisture Curing
	3.6.3 Ultraviolet Photocuring
	3.6.4 Ultraviolet Polymerization of Gaseous Monomers
	3.6.5 Microwave Curing
	3.6.6 Electron-beam Polymerization
	3.6.7 Glow-discharge/Plasma Polymerization
	3.6.8 Gamma-Radiation Curing

	3.7 Manufacturing Issues
	3.7.1 Cross Contamination
	3.7.2 Volatile Organic Emissions
	3.7.3 Flammability and Toxicity
	3.7.4 Inspection
	3.7.5 Rework and Repair

	References

	4. Applications
	4.1 Conformal Coatings for Printed Wiring Assemblies PWA 280
	4.1.1 Conformal Coating Performance
	4.1.2 Specifications for Conformal Coatings
	4.1.3 Qualification of Conformal Coatings

	4.2 Coatings for Semiconductor Single Chip and Multichip Modules
	4.2.1 Environmental Protection and Passivation
	4.2.2 Reconfiguration and Redistribution of Die Bonding Pads
	4.2.3 Semiconductor Junction Coatings and Stress Buffers

	4.3 Coatings for Discrete Passive Devices
	4.4 Multilayer Circuit Board Fabrication
	4.5 Interlayer Dielectric Coatings for Multichip Module Substrates
	4.5.1 Formation of Microvias in Dielectric Coatings
	4.5.2 Supported Microbridge Crossovers

	4.6 Polymer Waveguides
	4.7 Solder Maskants
	4.8 Chip-Scale and Ball Grid Array Packages
	4.8.1 Solder Maskants for CSP and BGA
	4.8.2 Wafer-Level, Chip-Scale Packaging
	4.8.3 Alpha-Particle Emissions

	4.9 Chip-On-Board COB and Glob-Top Coatings
	4.10 Particle Immobilizing Coatings and Particle Getters
	4.11 Reinforcement of Interconnections
	4.12 Wire and Coil Coatings
	4.12.1 Magnet Wire Classifications
	4.12.2 Magnet Wire Constructions
	4.12.3 Wire Coating Types

	4.13 Coatings for Space Applications
	4.13.1 Radiation Effects
	4.13.2 Outgassing in a Thermal-Vacuum Environment
	4.13.3 Atomic Oxygen
	4.13.4 Flammability
	4.13.5 Sterilization and Decontamination

	4.14 Coatings for Automotive Applications
	4.15 Coatings for Electromagnetic Interference EMI Shielding and Electrostatic Discharge ESD
	4.16 Coatings for Medical Applications
	4.17 Tamper-Proof Coatings
	4.18 Temporary Coatings
	4.18.1 Maskants Used During Soldering or Laser Processing
	4.18.2 Photoresists

	4.19 Polymer Thick Films
	4.19.1 Polymer Thick Film Conductors
	4.19.2 Polymer Thick Film Resistors
	4.19.3 Polymer Thick Film Dielectrics

	References

	5. Reliability Assurance and Testing
	5.1 Initial Qualification
	5.2 Receiving Inspection
	5.3 In-Process Inspection and Testing
	5.4 Final Inspection and Test
	5.5 Reliability Prediction
	5.6 Failure Modes and Mechanisms
	5.6.1 Visual Defects
	5.6.2 Moisture and Contaminant Effects
	5.6.3 Metal Migration

	5.7 Test Procedures for Contaminants and Cleanliness Assurance
	5.7.1 Tests for Ionic Contaminants Inherent in Polymers or on Surfaces
	5.7.2 Tests for Surface Ionic Contaminants
	5.7.3 Surface Insulation Resistance SIR
	5.7.4 Reverse Bias Leakage Current
	5.7.5 Tests for Non-ionic Organic Residues

	5.8 Accelerated Stress and Environmental Tests
	5.8.1 Accelerated Humidity-Temperature Tests
	5.8.2 Hydrolytic Stability
	5.8.3 Moisture and Stress Test Chips

	5.9 Tests for Coating Integrity
	5.9.1 Electrochemical Tests
	5.9.2 Chemical Test
	5.9.3 Optical Reflectance Test
	5.9.4 Surface Discontinuities
	5.9.5 Internal Discontinuities

	5.10 Adhesion
	5.10.1 Tape Pull Test
	5.10.2 Scratch Adhesion Test
	5.10.3 Contact Fatigue Adhesion Test

	References

	6. Test Methods
	6.1 Physical/Mechanical Test Methods
	6.1.1 Viscosity
	6.1.2 Density
	6.1.3 Surface Tension and Contact Angle
	6.1.4 Visual Inspection
	6.1.5 Adhesion
	6.1.6 Thickness Measurements
	6.1.7 Hardness Testing
	6.1.8 Pinhole Detection and Porosity Tests
	6.1.9 Abrasion Resistance
	6.1.10 Flexibility
	6.1.11 Water Absorption
	6.1.12 Moisture Vapor Permeability

	6.2 Electrical Tests
	6.3 Environmental Exposure Tests
	6.3.1 Temperature and Humidity Testing
	6.3.2 Weatherability
	6.3.3 Ionizing Radiation Exposure
	6.3.4 Fungus Resistance

	6.4 Thermal Tests
	6.4.1 Thermal Conductivity and Test Methods
	6.4.2 Thermal Stability
	6.4.3 Flammability

	6.5 Chemical/Analytical Tests
	6.5.1 Infrared Spectroscopy
	6.5.2 Gas Chromatography
	6.5.3 Mass Spectrometry
	6.5.4 Elemental Analysis
	6.5.5 X-ray Photoelectron Spectroscopy
	6.5.6 Acoustic Microscopy

	References

	7. Specifications and Documents
	7.1 Top-Level Performance or Requirements Specification
	7.2 Material Specifications
	7.3 Process Specifications
	7.4 Work Instructions
	7.5 Failure Analysis Documentation
	7.6 Military, Space, Government, and Industry
	7.7 Specifications Relating to Organic Coatings

	Appendix
	Conversion Factors
	Abbreviations, Acronyms, and Symbols

	Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	K
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	U
	V
	W
	X
	Y
	Z


