<ﬂ.1 Designation: E 228 — 06

Standard Test Method for

Linear Thermal Expansion of Solid Materials With a Push-

Rod Dilatometer’

This standard is issued under the lixed designation E 228: the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superseripl epsilon (€) indicates an editorial change since the last revision or reapproval,

This stundard hay heen approved for use by agencies of the Department of Defense.

1. Scope

1.1 This test method covers the determination of the linear
thermal expansion of rigid solid materials using push-rod
dilatometers. This method is applicable over any practical
temperature range where a device can be constructed to satisfy
the performance requirements set forth in this standard.

Note I—Initially, this method was developed for vitreous silica
dilatometers operating over a lemperature tange of -180 10 900°C. The
concepts and principles have been amply documented in the literature to
be equally applicable for operating at higher temperatures. The precision
and bias of these systems is believed to be of the same order as that for
silica systems up to 900°C. However, their precision and bias have not yet
been established over the relevant total range of temperature due to the
lack of well-churacterized reference materials and the need for interlabo-
ralory compurisons.

1.2 For this purpose, a rigid solid is defined as a material
that, at test temperature and under the stresses imposed by
instrumentation, has a negligible creep or elastic strain rate. or
both, thus insignificantly affecting the precision of thermal-
length change measurements. This includes. as examples,
metals, ceramics, refractories, glasses, rocks and minerals,
graphites, plastics, cements. cured mortars, woods, and a
variety of composites.

1.3 The precision of this comparative test method is higher
than that of other push-rod dilatometry techniques (for ex-
ample. Test Method D 696) and thermomechanical analysis
(for example. Test Method E 831) but is significantly lower
than that of absolute methods such as interferometry (for
example, Test Method E 289). It is generally applicable to
materials having absolute linear expansion coefficients exceed-
ing 0.5 pm/(m-°C) for a 1000°C range, and under special
circumstances can be used for lower expansion materials when
special precautions are used to ensure that the produced
expansion of the specimen falls within the capabilities of the
measuring system. In such cases, a sufficiently long specimen
was found to meet the specification.

! This test method is under the jurisdiction of ASTM Committee E37 on Thermal
Measurementy and is the direct responsibility of Subcommillee E37.05 on Therme-
physical Properties.

Current edition approved Sept. |, 2006, Published November 2006, Originally
approved in 1963. Last previous edition approved in 1995 as E 228-95, which was
withdrmawn May 2005 and reinstated in September 2006,

1.4 Computer- or electronic-based instrumentation, tech-
niques, and data analysis systems may be used in conjunction
with this test method. as long as it is established that such a
system strictly adheres to the principles and computational
schemes set forth in this method. Users of the test method are
expressly advised that all such instruments or techniques may
not be equivalent and may omit or deviate from the method-
ology described hereunder. It is the responsibility of the user to
determine the necessary equivalency prior to use.

1.5 SI units are the standard.

1.6 There is no ISO method equivalent to this standard,

1.7 This standard does not purport 1o address all of the
safery concerns, if any, associated with its use. It is the
responsibility of the user of this standard 10 establish appro-
priate safety and health practices and determine the applica—
bility of regulatory limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards: *

D 696 Test Method for Coefficient of Linear Thermal Ex-
pansion of Plastics Between -30°C and 30°C with a
Vitreous Silica Dilatometer

E 220 Test Method for Calibration of Thermocouples By
Comparison Techniques

E 289 Test Method for Linear Thermal Expansion of Rigid
Solids with Interferometry

E 473 Terminology Relating to Thermal Analysis and Rhe-
ology

E 644 Test Methods for Testing Industrial Resistance Ther-
mometers

E 831 Test Method for Linear Thermal Expansion of Solid
Materials by Thermomechanical Analysis

E 1142 Terminology Relating to Thermophysical Properties

3. Terminology

3.1 Definitions—The following terms are applicable to this
test method and are listed in Terminologies E 473 and E 1142:

* For referenced ASTM standands, visit the ASTM website, www.asim.ong, or
contact ASTM Customer Service al service@astm.org. For Annual Book of ASTM
Standards volume information, refer Lo the standard’s Document Summary page on
the ASTM website,

Copyright © ASTM Intemational, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959, United States,



Ay E 228 - 08

coefficient of linear thermeal expansion. thermodilatometry, and
thermomechanical analysis.

3.2 Svmbols:

o, = mean coeflicient of linear thermal expansion. pm/
(m-°C) or °C"’

= expansivity at temperature 7. um/(m-°C) or °C”'

L, = original length of specimen at temperature 7, mm

L, = length of specimen at temperature 7, mm

L, =length of specimen at temperature 75, mm

L;=length of specimen al a particular temperature 7. mm

AL = change in lenglh of specimen between any (wo tem-
perares 7, and T,. 7, and T, etc.. pm

(AL/L,) = expansion

T, = temperature at which initial length is L. °C

T, T5 = two lemperatures at which measurements are made.
96

T, =temperature at which length is L;. °C

AT = temperature difference between any two temperatures
Tsand Ty, Ty and T, etc.. °C

m = measured expansion of the reference material,

7 =rue or certified expansion of the reference material,

s = assumed or known expansion of the parts of the dilatom-
eter,

A = numerical calibration constant

3.3 Definitions of Terms Specific to Tiis Standard:

3.3.1 linear thermal expansion, AL/l ,—the change in
length relative to the initial length of the specimen accompa-
nying a change in temperatre, between temperawres 7, and
T,, expressed as:

AL L -1,
LG

3311 Discussion—1It is a dimensionless quantity, but for
practical reasons the units most often used are pm/m. (m/
m)- 107, (in.fin.)-10°°, ppm or percent (%)

3.3.2 mean faverage) coefficient of linear thermal expan-
sion, e, —the ratio between the expansion and the temperature
difference that is causing il. It is referred to as the average
coefficient of thermal expansion for the temperature range
between T, and 7.
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3.3.2.1 Discussion—Most commonly. it is expressed in
um/(m “C) or “C"'. and it is determined for a sequence of
temperature ranges. starting with 20°C by convention. being
presented as a function of temperature. In case the reference
temperature differs from 20°C, the specific temperature used
for reference has to be indicated in the report.

3.3.3 thermal expansivity (Instantaneous coefficient of ther-
mal expansion). ay—identical 1o the above. except that the
derivative replaces the finite differences of Eq 2. The thermal
expansivity is related to the length change for an infinitesimally
narrow temperature range. at any temperature 7 (essentially a
“tangent” point}, and is defined as follows:

| ol
QT_L_,,(WJJ (3)
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3.3.3.1 Discussion—Iuis expressed in the same units as the
average coeflicient of thermal expansion. In terms of physical
meaning. the instantaneous coefficient of thermal expansion is
the derivative of the expansion curve when plotted versus
temperature. at the temperature T. 11 has a rather limited utility
for engineering applications. and therefore it is more common
10 use the average coefticient of thermal expansion. than the
instantaneous one.

334 dilatomeler—a device that measures the difference in
linear thermal expansion belween u test specimen and its own
parts adjacent to the sample.

3.3.4.1 Discussion—Thermomechanical analyzers (TMA),
mstruments used in thermal analysis. are often also character-
ized as dilatometers, due to their ability 1o determine linear
thermal expansion characteristics. Typically, they employ
specimens much smaller than dilatometers: however, TMA
syslems with sufficienly large specimen size capability have
been shown (o measure thermal expansion accurately. When
using the small TMA specimen size. this utilization of TMA
equipment should be limited to testing only very high expan-
sion materials. such as polymers. otherwise the data obtained
may be substantially in error. Conversely. some dilatometers
can perform some of the TMA functions. but the 1wo devices
should not be considered equivalent or interchangeable in all
applications,

4. Summary of Test Method

4.1 This test method uses a single push-rod tube type
dilatometer to determine the change in length of a solid
material relative to that of the holder as a function of
temperature. A special variation of the basic configuration
known as a differential dilatometer employs dual push rods.
where a reference specimen is kept in the second placement at
all times and expansion of the unknown is determined relative
to the reference material rather than to the specimen holder,

4.2 The temperature is controlled either over @ series of
steps or al a slow constant heating or cooling rate over the
entire range.

4.3 The linear thermal expansion and the coefficients of
linear thermal expansion are calculated from the recorded data

3. Significance and Use

5.1 Coefficients of linear thermal expansion are required for
design purposes and are used. for example. o delermine
dimensional behavior of structures subject 10 temperature
changes, or thermal stresses that can occur and cause failure of
a solid artifuct composed of different materials when it is
subjected to a temperature excursion.

5.2 This test method is a reliable method of determining the
linear thermal expansion of solid materials.

5.3 For accurate determinations of thermal expansion. it is
absolutely necessary that the dilatometer be calibrated by using
a reference material that has a known and reproducible thermal
expansion. The appendix contains information relating to
reference materials in current general use.

5.4 The meuasurement of thermal expansion involves two
parameters: change of length and change of temperature. both
of them equally important. Neglecting proper and accurate
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temperalure measurement will inevitably resull in increased
uncertainties in the final data.

5.5 The test method can be used for research, development,
specification acceptance. quality control (QC) and quality
assurance (QA).

6. Interferences

6.1 Maierials Considerations:

6.1.1 The materials of construction may have substantial
impact on the performance of the dilatometer. [t is imperative
that regardless of the materials used, steps be taken to ascertain
that the expansion behavior is stabilized. so that repeated
thermal cycling (within the operating range of the device)
ciuses no measurable change.

6.2 General Considerations:

6.2.1 Inelastic creep of @ specimen al elevaled lemperatures
can often be prevented by making its cross section sufficiently
large.

6.2.2 Avoid moisture in the dilatometer, especially when
used at cryogenic emperatures,

6.2.3 Means to separate the bath from the specimen are
required when the dilatometer is immersed in a liquid bath.

6.2.4 Support or hold the specimen in a position so that it is
stable during the test without unduly resiricling its free
movement.

6.2.5 The specimen holder and push-rod shall be made from
the same material. The user must not practice uncontrolled
substitutions (such s when replacing broken parts). as serious
increase of the uncertainties in the measured expansion may
result.

6.2.0 A general verification of a dilatometer is a test run
using a specimen cul from the same material as the push rod
and specimen holder. The resultant mean coefficient of linear
thermal expansion should be smaller than £0.3 um/(m-“C) for
a properly constructed system {after applying the system’s
correcuon).

6.2.7 Conditicning of specimens is oflen necessary before
reproducible expansion data can be obtained. For example,
heat weatments are frequently necessary to eliminate certain
etfects (stress caused by machining, moisture, etc.) that may
introduce irreversible length changes that are not associated
with thermal expansion,

7. Apparatus

7.1 Push-Rod Dilatometer Systent. consisting of the follow-
ing:

7.0 Specimen Holder—A structure of thermally stable
material constructed in a fashion such that when a specimen of
the same material is placed into it for a test. the gualifications
given in 6.2.7 are satsfied. In any push rod dilatometer, to
satisfy this standard, both the sample holder and the push-
rod(s) shall be made of the same material, and have been
proven to exhibit thermal expansion characteristics within
*1 % of cach other. llustriations of typical wbe and rod-type
configurations are given mn Fig. 1. It is often pracliced 1o
configure specimen holders that are not shaped as a tube. but
serve the same structural purpose. This is an acceptable
practice. as long as the shape is mechanically stable and is not
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FIG, 1 Common Forms Specimen Holders
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FIG. 2 Suggested Shapes of Specimen’s and Push-Rod Ends

prone to reversible configurational changes (such as twisting.
efc.) upon heating and cooling.

Note 2—The tube and the push-id beyond the specimen. while
parallel to cach other, are expected 1o have identical thermal gradients
along them. thereby sdentical thermal expansion. This is a critical Factor,
as differences in net expansion between the tube and the push-rod will
appear very much like expansion produced by the specimen. To a limited
extent. calibration (sce Section 9) can be vsed o account for these
differences in the thermal expansion of the two pans, however, it is noted
that this is one of the most fundamental of all practical limitations for
dilatometers. To minimize this effect, the tube and the push-rod shudl be in
close proximity of each other and heated slowly enough 1w prevent
substantial thermal gradients that occur mdially.

7.1.2 Test Chantber. composed of:

7.1.2.1 Furnace, Cryvosted, or Buth. vsed for heating or
cooling the specimen uniformly at a controlled rate over the
temperature range of interest. and able to maintain the tem-
perature uniform along the sample during its heating, cooling.
or just equilibrating.

Note 3—Extreme care must be exereised in using furnaces for high
lemperatures, w0 prevenl itemction with the dilatometer’s parts or with
the specimen, In many instances, i1 15 necessary 1o protect w specimen
and the dilitometer from oxidation and in some cases this may be
accomplished with the use of a muffle tube. I it is necessary. the fumace,
in such cases, shall contain provisions to provide inen mmosphere or
vacuum environment, as well ag provisions to protect against air back-
streaming on cooling,
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Note 4—Unless it s absolutely necessary to have the specimen lested
i vacuum, meastrements of thermal expansion i vacutm are not
recommended due to extreme themal gradients, thermal  fags, ete.
between various components of the dilatometer and the specimen. that are
caused by the very poor heat transfer that occurs in the absence of i gas.

7.1.22 Temperatre Controfler (or circuitry with equivalent
function) capable of executing a specific temperature program
by operating the Furnace(s) between selected temperature limits
at rates programmed. and supported by the furmnace(s)'s thermal
performance. Temperature control of a constant rate shall be
within *=2°C monotenicity. (exclusive of the approximately
5% of instrument’s maximum temperature of its operating
range). The control of equilibrium temperatures shall be within
=1°C or =0.05 % of maximum temperawre of the dilatom-
eter’s operating runge. whichever is larger.

7.1.2.3 Means 1o cool furnace(s) or cryostat for operation
below ambient.

7.1.2.4 Means to seal the space occupied by the dilatometer,
contain pressurized gas. or evacuated, without collapse or
oradual deformation with time and temperature, or without
bursting when pressure is applied within specified limits.

7.1.3 Transducer—A device 1o convert and magnify the
minute mechanical translation conveyed by the push-rod(s)
resulting from the expansion of the specimen. into visually
discernable or electrically measurable signals, with a constant
and defined functionality.

7.1.3.1 Visually readable devices, such as dial gauges,
optical levers, rulers, etc.

7.1.3.2 Electromechanical devices with a defined electrical
output corresponding 10 a defined mechanical displacement
input. Examples of these are: linear variable differential trans-
formers, digital absolute or incremental encoders. capacitive
sensors, optical displacement sensors, etc.

7.1.3.3 The transducer must be selected such as to cover the
expected displacement within its linear range.

7.1.3.4 Transducers employed in dilatometry must have a
resolution (visible or sensible) of not less than 0.] % of its
linear range. with an attendant proven linearity of at least
=().1 % of its range.

7.1.3.5 The linearity band of a transducer limits the maxi-
mum resolution that can be assigned 10 the dilatometer, {Since
the band bound by lincarity is considered unresolvable, even
with special calibrations, resolution cannot be ensured much
beyond the transducer’s range of linearity.) Adding empty
amplification (extra digits to the readout). may give the
impression of more sensilivilty, bul in reality it does nol.
Nonlincarity errors cannot be effectively accounted for with
calibration.

7.1.4 Temperature Measurement Svstem. consisling of:

7.14.1 Calibrated Sensor or Sensors, 10 provide indication
of the specimen temperature +=0.5°C. or =1 % of the overall
temperature range, whichever is larger. Temperature sensors
may be. but are not limited to. thermocouples, pyrometers,
resistance thermometers. thermistors, mercury thermometers,
etc.

1142 Manual, Electronic, or Equivalent Readout, such
that the indicated temperature can be determined without
additional degradation to the sensor’s performance.

Note 5—In all cases in which thermocouples are used, they shall be
referenced 1o 07C by means of an ice water bath oy equivalent electronic
reference.

Note 6—Special attention must be paid to prevent contamination ol the
thenmocouple by the specimen or even by the dilatometer tube itsell (for
example. type C thermocouple in a graphitic environment). Interaction
between atmosphere and the thermocouple (for example, tvpe S thermo-
couple in hydrogen atmosphere) can wso be extremely detrimental.

Naote 7—Placement of thermocouples is important, and the user is
frequenty given a choice. It is often a practice (o bring the bead of a
thermocouple in contact with the specimen, or even embed it in a hole, ws
opposed 1o having it laying on top of it or in its proximity. While the
former seems better. it is actually sometimes the cause of mechanical
interfercnce with the specimen. source of contamintion. and while il
registers a maore true specimen lemperature, it neglects the temperature of
the specimen holder around it. A good practice is to have the bead of the
thermocouple reside equidistamt between the specimen holder and the
specimen itself, ensuring that it is shielded lrom direc! view of the heater
or muffle tube (I one is employed}.

Note 8—The thermocouple posinoning during the test should be the
same as waos used in the instroment’s calitvation. Freguent verification of
thermocouple performance is highly recommended.

7.2 Measuring Tool, such as a vernier micrometer or cali-
pers capable of reading to at least £25 pm in order to
determine the initial and final lengths of the test specimen.

8. Test Specimens

8.1 The specimen length shall be such that the accuracy of
determining AL/, is at least £20 pm/m. Where possible, the
specimen should be between 25 and 60 mm long and between
5 and 10 mm in diameter (or equivalent, if not cylindrical),
however, there is no fundamental limitation on either dimen-
sion. as long as the dilatometer can accommaodate the specimen
with a maximum thermal gradient of 2°C, either determined in
50 mm intervals over the enlire specimen. or maintained
uniformly within £2°C/50 mm,

8.2 The cross sectional shape of the specimen, the cross
sectional uniformity along its length, or the condition of the
surface along its length. have no bearing on the test. The ends.
however, must be smooth and parallel. The cross section must
be robust enough to prevent buckling or creep.

8.2.1 In the instances when limitations of the source matcs
rial precludes the forming of a cylinder or slab. nregular
shaped samples may be tested. However, care must be exer-
cised not to have the sample form a point contact with the
dilatometer. as it may lead 10 deformations during the test,

8.2.2 Thin sheets of materials can be formed into a speci-
men by rolling them into a tube, or bending into a V™ shaped
piece for stiffness.

specimen. often without any cementing, as long as all inter-
faces are kept Mat and parallel, and no wohble is observable
when the push-rod is raised and lowered to contact it.

8.2.4 Hollow (1uhe) or irregular shaped specimens often
require the use of a cover plate between them and the push-rod
for well defined contact. Such plate is preferred 1o be made out
of the same material as the dilatometer, Lo neglect ils contri-
bution in the calculations. Alternately, a very thin sheet of a
stiff material. other than the dilatometer’s. may be used. but
with proper accounting for its contribution,
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8.2.5 Specimens of semi-rigid materials that would deform
when in contact with the tip of the push-rod can be successfully
tested according to 8.2.4. aimed at reducing the pressure on the
specimen (counterweights, etc.), provided the material is able
to maintain its shape otherwise. This is an extension of the
method and care must be exercised when practiced.

9, Calibration

9.1 Calibrate the transducer by imposing a series of known
displacements with a precision screw micrometer, gauge
blocks. or any other device that is more accurate than the
transducer that is being calibrated. This step may be omitted for
absolute transducers,

Note 9—Any transducer system. however. including digital encoders.
shall be calibrated or veritied prior to use for thermal expansion
measurements. W ensure proper perffonmance. The lrequency of calibra-
Lion or verification necessary would need to be established by the user of
the dilatometer.

9.2 Calibrate the temperature sensor according to Test
Methods E 220 and E 644, the procedure recommended by the
National Institute of Standards and Technology (NIST) (1)* or
the appropriate procedure applicable by the maker of the
device, if other procedures are not applicable.

Note |0—Periodic cross-checking of optical pyrometers with tempo-
rarily inserled thermocouples of the proper bype and prolection is
recommended whenever possible. Alternative means. such as melting or
cuteclic poinl sensing. is also acceptable for clevated temperatures.

9.3 Asatotal system. calibrate the dilatometer by measuring
one reference material of known thermal expansion, Select a
reference material with expansion close to that of the specimen
material.

9.4 Calibrate the dilatometer using the same test conditions
and procedures as those used for the test specimen. for example
the same specimen length. temperature program. and gaseous
environment {including flow rate).

Note 11—As closely identical thermal cycles as possible should be
used for the test and the calibration. Deviation from identical thermal
cycles will inevitubly penerate some error. The magnitude of this error can
be estimated by performing a test on the same refetence material used for
the instrument’s calibration.

9.4.1 General guidelines that shall be followed for calibra-
tion;

94.1.1 Use only a calibration function generated with a
constant temperature ramp for tests to be performed at the same
conslant ramp.

9.4.1.2 Use only a calibration function generated using
stepwise heating (equilibrium points) for tests composed of
equilibrium steps.

9.4.1.3 Vacuum and purge gas flow and composition may
have substantial effect on thermal lags. therefore, always use
the same atmosphere conditions for both test and calibration,

9.4.1.4 Observe the direction of progress as to heating or
cooling, as they cause different thermal lags. Using a calibra-
tion function obtained on heating for a test involving cooling
will inevitably bring in differences.

*The boldface numbers in parentheses reter to the Tist of references at the end of
this standand,

9.4.1.5 Reliance on statistically averaged multiple (repli-
cale) calibration runs is recommended for each heating sched-
ule.

9.4.2 Because a dilatomeler always indicates the diflerence
in expansion between the specimen and the portion of the tube
that is positioned parallel to it. a calibration constant. A
(defined in Eq 4). has 1o be determined at each temperature
interval between T, and Ty, with T, < T, < T. The calibration
constants determined through Eq 4 can be used as either
point-by-point corrections at discrete temperatures. or can be
converted into a function and used to correct dala expressed as
eXpansion versus temperature,

=) (), “

10. Procedure

10.1 Measure the initial length of the specimen al room
temperature. as L,

10.2 Place the specimen in the dilatometer afler making
certain that all contacting surfaces are free of foreign materiall
Ensure good seating of the specimen in a stable position,

10.3 Ensure that the push-rod is in stable contact with the
specimen.

10.4 Insert the assembled dilatometer into the furnace.
cryostat. or bath. and allow the temperature of the specimen to
reach equilibrium with the environment. at room lemperature.

10.5 Record the initial reading of the temperature sensor, T},
and zero the transducer,

10.6 Select the heating schedule that best suits the applica-
tion for the material being tested.

10.6.1 The most precise measurement is achieved by heat-
ing {or cooling) the specimen successively to a number of
incremental constant temperatures and allowing the system to
equilibrate until the transducer reading attains a constant value
(variation less than £2 pm). At that point. the indicated
temperature of the specimen shall not vary by more than £2°C
and the temperature gradient in the specimen shall not exceed
0.5°C/cm. The hold time is a function of the total thermal mass
of the dilatometer and specimen. and will vary for different
temperatures and different instruments. Readings of tempera.
ture T, and changed specimen length L, are recorded at each
constant temperature T; after tull equilibration,

10.6.2 Alternatively, heat or cool at a constant rate equal to
or less than 5°C/min. When using this procedure. the mean
temperature of the specimen will probably differ from the
measured temperature (lower on heating and higher on cool-
ing). but the measured expansion of the test specimen will be
accurate 11 the system is calibrated correctly with a reference
material. Readings of temperature and change of length should
be recorded continuously or in frequent time intervals,

Note ) 2—Large specimens or matedals with low thermal diffusivity
will take much longer to reach a npear-unitorm internad remperature
distribution. The extent to which radial gradients exist is determined by
the chiuncteristies of the specimen. Users must select heating rates and/or
cyuilibration (souk) times prudently, o ensure that no lag oceurs and that
data truly represents that for the whole specimen at o unilonm temperature,
A good practice is to test large samples in stepwise lushion and monitor
the approach to a constunt value of the expansion as an indication of
thermal equilibrium.
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10.7 A retest should be considered if the length of the
specimen at the end of the test differs from that at the beginning
by more than 20 pm/m. Alternately. this permanent deforma-
tion should be taken inlo account when reporting the expansion
values. This retest. however. is not relevant for tests involving
sintering. softening point determinations, etc., where perma-
nent deformation is part of the expected behavior,

11. Calculation

11.1 Using the calibration constant previously determined,
calculate the linear thermal expansion of the lest specimen as

follows:
[=].-[(z), ],

11.2 Using the calculated values of the linear thermal
expansion. calculate the mean coefficients of thermal expan-
sion by dividing the thermal expansion values by the appro-
priate temperature range AT =T, - T,,.

1AL
[0‘.,,,};', == [HE]II (6)

11.3 Instantancous coeflicients of thermal expansion may be
determined graphically by laying a tangent to the AL/L, curve
at the desired temperature points. or by differentiating a
function fit to the data. at the desired points.

11.4 In calculition of the relevant quantities. carry all
available decimal places for each input parameter measured to
its actual level of precision through to the final result (but not
beyond). and report the data Lo three significant figures.

12. Report

12,1 Report the following information:

12,1.1 Description of the material. manufacturer, chemical
composition (it known). thermal and mechanical history:

12.1.2 Method of test specimen preparation. and axis orien-
tation, if material is anisotropic, together with details of any
subsequent thermal, mechanical. moisture, or other condition-
ing:

12.1.3 Form and dimensions of the test specimen, including
initial length. L, and reference temperature. T,

12.1.4 Brief description of the apparatus. including dis-
placement and temperature measuring systems. estimation of
precision. heating and cooling rates. temperature controls and
autmosphere:

12.1.5 Listing of the reference material(s) and procedure
used to calibrate the dilatometer system, including the trans-
ducer and temperiture sensor:

12.1.6 Tabulation of the data, showing linear thermal ex-
pansion. test temperatures and values for mean coefiicients of
linear thermal expansion for selected temperature intervals:

12.1.7 Curves plotted as: AL/L, versus T. «,, versus T, q,
versus T, where: «,, is computed for the temperature range
starting from a common reference temperature (20°C. by
convention) to T. Clearly indicate if other reference tempera-
ture was used.

12.1.8 Complete description of any unusual behavior of the
specimen. such as a permanent change in specimen length at
the reference temperature following testing, excessive oxida-

tion. scaling. discoloration. deformation, cracking. spalling.
etc.. all of which may be of value in interpreting the test results:
and

12.1.9 Any additional information required by a particular
material specification.

12.1.10 Specify the dated version of this method, used for
performing the measurements.

13. Precision and Bias

13.1 The precision and bias of determining both thermal
expansion and the mean coeflicients of thermal expansion
depend on the simultancous measurement of temperature and
relative length.

13.1.] Random error is usually associated with the precisior
and bias of repeated length and temperature measurements, but
other variables may ulso intrude on the measurements. For
instance. a specimen may change positon or the vollage
applied to the measurement transducer may fluctuate.

13.1.2 Systematic error is usually larger and can result from
many sources. These include the following: accuracy of thd
length and temperature measurements: deviation of the speci-
men mean temperature from that indicated by the sensor:
deviation from linearity of the transducer: temperature gradi-
ents between the dilatometer tube and push-rod. Litle can be
done to improve the random errors, once the transducer and
temperature sensor have been selected. except to follow good
experimental practice. However, systematic crrors can be
reduced by careful calibration of the individual components
and the total system.

13.2 Repeated measurements on many different materials
have confirmed that the precision with which linear therma
expansion. Al/L,. is measured with a vitreous silica dilatom-
eter can be estimated from the precision of the length and
temperature measurements, This estimate is determined from
the tollowing:

(AL s 2 > 212 ;
8(?_.) = = - [BEF + (el (7)
where:
oF and 8T = precisions of the single measurements of
length and temperature.

13.2.1 The error in measuring Ly, is usually so small that it

does not contribute to this estimate. For example:
Lo= 0.1 m, 8E = £ 1 pm, dy = 20 pm/{m-"C}) and 6T = +0.5°C

13.2.2 The precision in determining (AL/L,) is estimated to
be as follows:

AL 2. o
8(-&—] = tm[(l)‘ + {20 0.1 - 0.5)° ] = 28 pm/m (8)
(1, e

13.2.3 It has been shown that the maximum difference to be
expected from repeated Lests is estimated by the following:

(3

0L max

13.3 Tests of linear thermal expansion of borosilicate glass.

copper and tungsten over the range of 25°C to 400°C have

indicated that a vitreous silica dilatometer can be accurate to

4 % when carefully calibrated. This corresponds to a precision

of approximately (.8 % as calculated from the example in 13.2,

2
== 'L'[](SE + el By) )
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13.4 Based on identical operaling principle and similar
observations using alumina and graphite dilatometers at higher
temperatures, it is estimated that precision and bias similar in
magnitude exist for those instruments al least up to 2000°C,

13.5 An interlaboratory test will be conducted for determin-
ing the repeatability and reproducibility of this test method.

14. Keywords

14.1 contraction: dilatometer: dilatometry: expansion: ex-
pansivity: linear thermal expansion: mean coefficient of ther-
mal expuansion: push-rod

APPENDIX

{Nonmandatory Information)

X1. THERMAL EXPANSION OF SOME REFERENCE MATERIALS IN CURRENT GENERAL USE

X1.1 In the absence of certified standards. usual industry
accepted practice is 1o use secondary references, In this group
there are two levels: first, material specimens that are some-
times available with data that are traceable to NIST (they were
tested on instuments calibrated with NIST Certified SRM),
and secondly, generic. but well characterized materials with a

large volume of published data in the literature (or generally
respecled reference works) indicating expected performance
within certain limits. While references are listed for all such
suggestions. il is incombent upon the vser to sort out whether
the references are convincing, or which among deferring
datasets are more persuasive.

TABLE X1.1 Thermal Expansion of Various Standard Reference Materials

SRM 731 {Borosilicale Glass)®

SRBM 738 (Stainless Steal)?

SRM 739 {Fused Silica)®

Temperature Expansion Expansivity Expansion Expansivity Expansion Expansivity
(K Al s « Alsgs o Al/Lggs a
{(Hm/m) (108 K fpmim} (oK (em/m} {109 K™
80 -319 -1 -0.07
100 =77 2.64 -13 -0.53
120 714 3.07 -22.5 -0.38
140 -649 343 -28.5 -0.24
160 -578 arz -32 -0.10
180 -501 3.9¢7 -32.5 .02
200 419 417 -3 0,13
220 -334 4.34 -27.5 0.23
240 -246 4.48 -22 0.32
260 -155 4,60 -14 0.39
280 -62 4.7 -6 0.45
293 &) 4.78 8] 9.76 0 0.48
300 34 4.82 69 2.81
320 131 4.9 135 0.53
340 230 4.89 486 10.04 24.5 0.56
380 432 51 872 10.28 47.5 0.60
420 638 5.19 1288 10.52 72 0.62
460 847 5.23 1714 10.76 97 0.63
500 1057 526 2148 11.00 122 0.63
540 1267 5.27 2593 1.23
560 1372 5.27 152 0.61
580 1478 527 3048 11.47
800 1583 5.27 183 0.59
620 1689 5.28 351 1.71
640 1794 520 206 0.56
660 1900 3984 11.95
680 2007 228 0.54
700 4467 12.19
720 249 0.51
740 4958 12.42
760 269 0.49
780 5461 1266
800 228 0.47
840 307 0.44
880 324 0.42
920 340 0.40
960 356 0.38
1000 an 0.37

4 Limited or exhausted avajlability from NIST, Gaithersburg MD, USA. Values in table are from relevant certificate for the reference material. Certificate values are not

representalive of generic materials of similar description.
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TABLE X1.2 Linear Thermal Expansion of Some Frequently Used

Pure Metals
Platinum?® Aluminum®
Temperature Expansion Expansion
(*C) Al Ald g
{pum/m) {pmim)
-195 -1756.66
-150 -1420.60 -3430
-100 -1024.09 -2550
-50 -607.96 -1550
o -176.20 -460
20 0.00 o]
50 268.06 710
100 72238 1900
200 1654.60 4450
300 2612.01 7130
400 3692.18 10050
500 4596.55 13230
50O 5628.65 16760
700 6692.81
800 7793.27

“ See Refs (1-3).
B See Refs (4-8).

TABLE X1.3 Linear Thermal Expansion of Industry Accepted
Materials: Lucalox (trademarked), Thermographite

Lucalox {trademarked)™® Thermographite™#
Termperature Expansion Expansion

{°C} Aldzg Aldlg,
(pm/m} {pmim;)

100 ivE 402
200 i 1031
300 i 1667
400 . 2313
500 3570 2071
600 4440 3643
700 5340 4332
800 6260 5040
900 7200 5766
1000 8160 6513
1100 9130 7270
1200 10120 BOB9
1300 11130 8878
1400 12160 vy
1500 13200 10555
1600 14270 11422
1700 v 12304
1800 = 13201
1900 Ao 14111
2000 s 15029
2100 ‘us 15954
2200 - 16882
2300 o 17810
2400 5 18732
2500 A 19645
2600 Vi 20544
2700 - 21425
2800 . 22280

4 Available from commercial sources, Tabulated values are trom cited refer-
ences.
5 3ee Refs (10, 11).
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