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Preface

This handbook provides a thorough understanding of the reasons materials fail in

certain situations, covering important scenarios, including material defects,

mechanical failure as a result of improper design, corrosion, surface fracture, and

other environmental causes. The handbook was divided into two main parts. Part I

covers the failure analysis in electronics industries and contains nine chapters. Part

II explores the failure analysis in textile industries and contains three chapters.

Part I begins with a general overview of the main failure modes of electronic

devices and focusing on three main parts of the electronic packages, printed cir-

cuit board, integrated circuit, and solder interconnects. A full discussion on solder

failure modes and causes was presented as well as common solder crack failure

detection approaches were presented. Then, the handbook proceeds from a discus-

sion of the failure analysis process, types of failure analysis, and specific tools

and techniques, to chapters on analysis of materials failure from various causes.

In Chapter 2, Electron beam radiation and its impacts to semiconductor failure

analysis by SEM, FIB, and TEM, the issues of the electron-beam radiation dam-

age that are commonly encountered during physical failure analysis in the modern

semiconductor industry by SEM, FIB, and TEM were discussed. The effects of

electron-beam radiation on the phase, microstructure, and compositions of some

typical electron-beam sensitive materials utilized in semiconductor devices, such

as low κ and ultra-low k dielectrics, silicon nitrides and CoFeB ferromagnetic

materials were discussed. Comprehensive technical solutions were proposed in

order to minimize the electron-beam radiation damages during the physical failure

analysis of these special types of materials.

Chapter 3, Stress shielding and amplification effect on intermetallic solder

ball, discusses the stress shielding and amplification effect on intermetallic solder

ball. Shielding and amplification effect between microcracks have been the

unsolved problem in intermetallic solder ball failure. The interaction between

multiple edge cracks in solder ball was investigated to quantify the effect of

shielding and amplification on the crack driving force based on stress singularity

approach. The effect of crack length between two parallel edge cracks on stress

intensity factor was evaluated. The distance between the two parallel edge cracks

plays an important role to reduce the shielding effect. It is concluded that when

compare both shielding and amplification, the distance between the two crack-tip

must be shorter to give better effect.

In Chapter 4, Assessment of failure of consumer electronics due to indoor cor-

rosion in subtropical climates, the failure of electronics due to indoor corrosion in

telephones subject to normal use in various climate zones was studied. High

humidity combined with strong day�night variations in temperature was the most

important factor in promoting corrosion, together with the presence of urban and

industrial air pollution. Materials selection, with an abundance of galvanic cells in

the electronic assembly, also promote rapid deterioration.

xix



Chapter 5, Pb-free solder—microstructural, material reliability, and failure

relationships, introduces Pb-free solder and the relationship between its micro-

structural, material reliability, and failure for electronic packaging applications.

The establishment of near-eutectic Sn�Ag�Cu (SAC) alloys as replacements for

eutectic Sn�Pb marked the beginning of lead-free solder alloy development in

electronic packaging industry. Second generation lead-free alloys with lower Ag

content were introduced to address the shortcomings such as poor mechanical

shock performance and higher cost. Yet the evolution has not stopped. In

response to higher reliability requirements, third generation lead-free alloys are

being developed to serve the applications operated in increasingly aggressive

environments. In this chapter, case studies on thermal fatigue performance of var-

ious SAC-based lead-free solders and Sn�Zn-based low-temperature solders have

been made. The effect of solder size, solder composition, Sn grain morphology,

PCB surface finish, and thermal cycling profile on solder joint microstructure and

reliability was evaluated. The relationship between microstructural evolution and

thermal fatigue failure mechanism was discussed.

Chapter 6, The role of contamination in the failure of electronics—case stud-

ies, provides several case studies about the role of contamination such as water,

dust, or metallic debris in failures of electronics. Some examples were given

which highlight the role of electrolyte contamination (ionic salts and related che-

micals) leading to electronics failures. Remediation was also discussed with

regards to resolution of the cited examples.

Chapter 7, Analytical solutions for electronic assemblies subjected to shock

and vibration loadings, introduces an analytical solution to solve for the dynamic

problem of electronic assemblies subjected to shock and vibration loadings. The

solution was first formulated to obtain the free vibration characteristics, that is,

first natural frequency and mode shape, of the electronic assembly. Consequently,

it was used to solve for the forced vibration problems of shock/impact and har-

monic base excitations. The results of this analytical model were correlated with

experimentally measured and finite element analysis data. Finally, the results of

this solution were employed to examine the effect of the geometric and material

configurations of the electronic structure on the fatigue performance of electronic

products subjected to mechanical shock and harmonic vibrations.

Because of the lack of information regarding the reliability of stretchable elec-

tronic circuits, Chapter 8, Stress analysis of stretchable conductive polymer for

electronics circuit application, presents the stress analysis of these circuits using a

polymer material of polydimethylsiloxane (PDMS) as the substrate and a new for-

mulated Ag flakes blends with PDMS (Ag�PDMS) conductive ink. The mechani-

cal properties were characterized using Neo�Hookean model for substrate and

multilinear plastic model for conductive ink. Different geometries of stretchable

electronic circuit were modeled and analyzed under static structural analysis in

simulation. The structural analyses were conducted on a real prototype of thermal

sensor circuit application. The structural integrity of the circuit under different

xx Preface



geometries, loadings, and materials was assessed by investigating the deformation

behavior of the circuit. The obtained results show that the critical area for stress

concentration depends on the loading direction to the circuit printing.

Chapter 9, New methodology for qualification, prediction, and lifetime assess-

ment of electronic systems, introduces new methodology for qualification, predic-

tion, and lifetime assessment of electronic systems. The chapter addresses the

physics of failure of some critical electronic components in modern industrial sys-

tems and assess their effects on system’s reliability. A new methodology combin-

ing “conventional” reliability analysis and physics of failure analysis was

illustrated for overall reliability and lifetime analysis in components and system

level. Some examples of how such analysis could be used by industries to opti-

mize a design or select optimal components maximizing system’s reliability was

provided. The new trends to improve reliability analysis, such as online mission

profile measurements, online condition monitoring were discussed.

Part II is dedicated to discussing the failure analysis in textiles industries.

Chapter 10, Failure of yarns in different textile applications, provides a compre-

hensive discussion about the failure of yarns in different textile applications. The

yarns made of fibers or filaments can be subject of different bending forces,

extreme load or dynamic elongation stress. Thus the failure of the yarns can influ-

ence the reliability of the textile macrostructures. The chapter presents state of the

art in research in yarn failure. The problems of the spinning method applied to

consolidate the fiber bundle, the gauge length, and the strain rate on the yarn fail-

ure were discussed. Problems of the yarn failure in different types of textile

macrostructures, applied as technical textiles, composites, e-textiles, were also

discussed.

In Chapter 11, Textile failure analysis and mechanical behavior characteriza-

tion by using acoustic emission technique, damage mechanisms and mechanical

performance in structural applications textiles have been a major concern in tex-

tiles industry. The chapter presents deep discussion about the use of acoustic

emission technique for textile failure analysis and characterization of their

mechanical behavior. This chapter discussed the actual cases in which textiles of

different architecture were used to manufacture epoxy-based composites in order

to study failure events under different external load such as tension and bending.

The effects of the textile architecture/geometry on the mechanical behavior and

damage process were discussed.

Chapter 12, Treatment effect on failure mode of industrial carbon textile at

elevated temperature, provides a detailed study on the effect of treatment using

epoxy resin and amorphous silica on the failure mode of industrial carbon textile

at high temperature. The chapter presents an experimental study on the thermo-

mechanical tensile behavior of three different industrial carbon textiles at high

temperatures ranging from 25�C to 600�C. Three industrial carbon textiles were

treated in manufacturing chain with different products in nature as coating (epoxy

resin with different ratios and amorphous silica).
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This handbook explores many real-world failure cases and case studies cover-

ing a wide spectrum of materials failure in electronics and textiles applications.

The editors thank all the contributors for their excellent chapter contributions to

this handbook, their hard work and patience during preparation and production of

the book. We sincerely hope that the publication of this handbook will help peo-

ple from industry and academia to get the maximum benefits from the experience

contained in the published chapters.
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1Failures of electronic
devices: solder joints failure
modes, causes and
detection methods

Mohammad A. Gharaibeh1 and Abdel Salam Hamdy Makhlouf2,3
1Department of Mechanical Engineering, The Hashemite University, Zarqa, Jordan

2Integrated Mechanical Material Corrosion Consulting (IM2C), Texas, United States
3Central Metallurgical Research and Development Institute, Cairo, Egypt

1.1 Introduction
Electronics nowadays come in smaller, thinner, and lighter specifications and can

be found in different applications, such as computers, laptops, and handheld

devices. Consequently, this brings up the importance of designing fully functional,

reliable, and cheap electrical components. An electronic package can be defined as

a complex set of materials with specific properties designed and assembled into

electronic paths which interconnect devices to perform a function at a specific per-

formance level. Generally, a typical electronic package consists of three main parts:

printed circuit board (PCB), component, and solder joints, as shown in Fig. 1.1.

In electrical components, there are numerous number of interconnects, solder

joints, which mainly allow the electrical current to flow smoothly between the PCB

and the integrated circuit (IC) component. Fig. 1.2 shows an example of a ball grid

array (BGA) solder joint cross-section [1]. Relevant research shows that 70% of the

electronic equipment failures are caused by the failure of solder joint [2].

During manufacturing, shipping and service life electronics are prone to vari-

ous harmful loading conditions that cause solder failures. Mainly, three loading

conditions that are cyclic in nature can be experienced by an electronic assembly:

FIGURE 1.1

Parts of a typical electronic package. PCB, Printed circuit board.
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1. Thermal cycling,

2. Mechanical shock, and

3. Vibration loadings.

The purpose of this study is to understand the mechanical failures of solder

interconnects caused due to the effect of each loading condition on electronic

devices.

1.2 Thermal cycling
The term thermal cycling mainly refers to the periodic change in the surrounding

temperature of the electronic package. Usually, one loading cycle can be divided

into four consecutive steps: dwell at high temperature, ramp to low temperature,

and dwell at this low level, then ramp to the high temperature. This sequence is

repeated for each thermal cycle. Common cycling profile in electronics reliability

tests ranges from 240�C to 125�C with different dwell and ramp times. Fig. 1.3

presents one thermal cycle profile.

Standardized accelerated thermal cycling (ATC) tests are commonly used to

evaluate the thermomechanical reliability of electronic assemblies. During ATC,

assemblies are uniformly heated up and cooled down in order to induce thermo-

mechanical strains and stresses in interconnections and interfaces of the electronic

assemblies according to the previously described thermal cycle step.

The main driving force for solder interconnection failure in thermal cycling is

due to the coefficient of thermal expansion (CTE) mismatch between the PCB

and the component. Specifically, when the assembly experiences high temperature,

FIGURE 1.2

Typical ball grid array solder joint cross-section.
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the component will extend in a dissimilar amount from the PCB or the chip.

Moreover, at low temperature, the shrinkage is not the same for both parts.

Consequently, this will lead to cyclic deformation in the solder joints of the

assembly. Therefore during thermal cycling, the solder joints will produce periodic

stress and strain effects, the part where stress concentration occurs produces plastic-

ity and creep crack initiation, crack propagation, so that the whole joint completely

breaks, causing electronic equipment failure or malfunction. Failure due to thermal

cycling loading is considered one of the most common failures in the electronics

industry [3].

The type and magnitude of strains in solder joints under conditions of thermo-

mechanical fatigue are often quite complex. For surface mount applications, the

strain is nominally in shear, as shown in Fig. 1.4. However, tensile and mixed-

mode strains can occur due to bending of the IC component or board, as shown in

Fig. 1.5.

The combination of strain and temperature during thermomechanical fatigue

has a large effect on the microstructure and microstructural evolution of solder

joints [5,6]. Strain concentration enhances diffusion, leading to microstructural

coarsening at elevated temperatures [7]. It has been observed that typically only a

FIGURE 1.3

One thermal cycle profile.
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fraction of the solder joint cross-section actually participates in cyclic deformation

because strain distribution inside solder joints is seldom uniform. Deformation of

the most highly strained areas of solder joints leads to localized deformation. The

recrystallization or grain coarsening takes place first in the regions where the

microstructure is the most heavily deformed plastically and then gradually

FIGURE 1.4

Deformation of solder joint subjected to shear strain during thermal cycling due to

coefficient of thermal expansion mismatch [4].

FIGURE 1.5

Deformation of solder joint subjected to tensile due to printed circuit board flexing [4].
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expands. Failure eventually occurs due to cracks that form in the coarsened

regions of a joint. The thermal anisotropy of the recrystallized grains enhances

the nucleation of microcracks along their boundaries [8]. The failure mechanism

under thermal cycling has been widely studied by many researchers [9�11].

FIGURE 1.6

Thermal cycling failure: (A) the bright light micrograph shows the crack path of a failed solder

interconnection during thermal cycling and (B) a cross-polarized light image of the same

interconnection shows the change of microstructure as caused by the cyclic deformation [13].
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It was observed that cracks always take place inside the matrix of solder along or

close to intermetallic layers closely parallel to the direction of imposed shear

strain, as shown in Fig. 1.6. The propagation path of the crack shown in Fig. 1.6A

is enclosed entirely within the recrystallized region of the interconnection shown

in Fig. 1.6B. The propagation of cracks, and therefore the reliability of intercon-

nection, relies on the properties of the solder matrix. The solder alloy with low

strength facilitates plastic deformation of the solder alloy by external stress of sol-

der joint and cracks are generated and grows more easily within the solder and

shows poor fatigue resistance [12].

1.3 Shock and vibration
The second common loading exerted on electronics is drop, shock, or impact

loading. In such harsh conditions, high strains are produced in solder intercon-

nects which cause the solder materials to deform plastically. According to regula-

tions of the Joint Electron Device Engineering Council (JEDEC), the best way to

assess the damage of electronic devices due to impact loading is by the use of

drop test experiment, as shown in Fig. 1.7. This experiment is performed by drop-

ping the test specimen freely from a certain height to achieve certain acceleration,

usually measured in gravity accelerations (g’s), level. Each drop is counted as one

cycle. These drops produce high solder strains at low loading frequencies.

FIGURE 1.7

Drop test experiment: an assembly (face down) mounted to the drop table with two

reference accelerometers are shown.
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Mechanical vibrations are usually applied on electronic devices during product

shipping and service life. During such loading conditions, low solder strains at

high frequencies are produced in solder balls which assumingly limit solder mate-

rial deformations to elastic region. Acceleration vibration reliability tests are

widely used in the reliability assessment of electronic packages. In these tests,

low acceleration (g) levels at high fixed frequencies are applied. A typical vibra-

tion reliability experiment is shown in Fig. 1.8.

FIGURE 1.8

Photographs of a vibration test setup. (A) Physical test setup, (B) assembly mounted

component side down to standoffs on shaker head with accelerometers mounted to the

shaker head and circuit board center, and (C) component side of assembly.
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FIGURE 1.9

(A) Harmonic (sinusoidal) signal and (B) random vibration signal.
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Vibrations can be categorized into two types: harmonic and random. In har-

monic vibrations, the loading is cyclic in nature. Specifically, the cycle time is

well-defined and the loading signal is deterministic at any time instance. One

common harmonic vibration profile is the sinusoidal signal, as shown in

Fig. 1.9A. However, in random vibrations the loading cycles cannot be easily

counted and the force signal is nondeterministic, as shown in Fig. 1.9B. Random

vibrations are more common in real-life applications.

The primary driver of solder joint failure under vibration and drop is the

mechanical bending of the PCB [14]. The mechanism causing the failure of inter-

connects under PCB bending is shown in Fig. 1.10A. The PCB bending leads to

differential flexing between the PCB and IC component which must be accommo-

dated by deformation of the interconnects. The deformation mechanics of a single

interconnect is illustrated in Fig. 1.10B. The interconnect experiences (1) axial

deformation associated with axial force, Fa, (2) shear deformation associated with

shear force, Fs, (3) moment, Mf that is required to balance the shear couple, and

(4) moment, Mφ due to relative rotation between the IC component and PCB.

FIGURE 1.10

(A) Deformation of interconnect due to differential deflection between the PCB and IC

component and (B) deformation mechanics of the interconnect [14]. IC, Integrated

circuit; PCB, printed circuit board.
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The failure mode during drop impact loading is manifested in interfacial

cracking along the solder joint either on the package or board side [15�17], as

shown in Figs. 1.11 and 1.12. In either case, shock failure is characterized by a

lack of solder deformation and an absence of solder bulk cracking. This is due to

the strain-rate sensitivity of metallic materials. Metallic materials including

solders typically become stronger with increasing strain rates. Thus the robustness

of a solder joint is influenced by a complex combination of bulk solder and inter-

metallic properties [18]. Ductile failures through bulk solder typically progress

slowly, but crack through brittle intermetallic progress much faster [19].

1.4 Failure detection methods in electronics industry
One of the important challenges in the experimental studies and failure analysis

of electronic products, is to determine when the crack occurs in a solder intercon-

nect. A common nondestructive solder failure detection method is to monitor the

electrical resistance during a reliability test. This method basically relies on the

assumption that an electrical discontinuity will occur if there is a crack or multiple

FIGURE 1.11

Drop and vibration failure (interfacial crack along solder joint at the integrated circuit

component side) in a ball grid array.

FIGURE 1.12

Drop and vibration failure (interfacial crack along solder joint at the printed circuit board

side) in a land grid array.
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cracks that cause complete fracture through the cross section of the solder joint.

In general, this method involves the use of event detectors and data loggers for

the in situ measurements of a solder joint electrical resistance during a test. For

this approach, failure maybe identified based on the sudden increase in the elec-

trical resistance relative to an initial value, resistance threshold, or electrical

discontinuities.

Electronics industry is currently adopting four common standards to specify

solder interconnect failure criteria of surface mount technology solder attachments

during qualification and reliability tests. These standards are:

• IPC-SM-785 published in November 1992 [20],

• IPC-9701 published in January 2002 [21],

• JESD22-B111 published in July 2003 [22], and

• IPC/JEDEC-9702 published in June 2006 [23].

In IPC-SM-785 standard, the failure criteria are defined based on three key para-

meters of a solder joint failure in thermal cycling reliability test: the electrical resis-

tance increases magnitude due to an electrical discontinuity, the duration of

electrical change, and the frequency of this electrical event occurrence. In this stan-

dard, there are two common specified resistance thresholds: 300 Ohms or greater

and 1000 Ohms or greater. It is important to mention here that both threshold values

are normally much higher than the initial resistance values of the daisy-chained IC

package. False failure indications due to electrical noise can be a problem for thresh-

old values lower than 1000 Ohms. Therefore the use of the 1000-Ohms approach is

most commonly recommended. As mentioned previously, the IPC-SM-785 states

that the solder failure results in electrical discontinuities that are defined as resis-

tance increase of short durations. Specifically, it defines the solder joint failure

should be associated with a resistance transient of 1 μs or longer duration.
The third key parameter of solder failure criteria in IPC-SM-785 is the fre-

quency of electrical discontinuity event occurrence to distinguish between intercon-

nect failure from electrical noise. According to this standard, the first electrical

interruption should be confirmed with nine additional interruption events with addi-

tional 10% of the cyclic life. For example, if the time of the first failure event is

3000 cycles, then there must be nine additional electrical events between 3000 and

3300 cycles in order to consider this as a solder interconnect failure.

For failure detection, the IPC-SM-785 standard generally recommends the use

of continuous resistance monitoring of the daisy-chain connectivity loops. Also,

the standard emphasizes that the polling time (the maximum amount of time has

elapsed before a monitor, i.e., event detector, detects a change in status for one

particular parameter) should to be 2 seconds or shorter. The shorter polling time

is the better in having more recent detected failure data. In addition, the IPC-SM-

785 does not particularly identify the use of an event detector. However, it states

that the use of a multiplexer and data logger only does not permit the continuous

surveillance which will result in solder failure detection that is usually later than

when it actually occurs.
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The second widely used standard, the IPC-9701, defines the failure criteria

based on the chosen measurement technique in accelerated thermal cycling reli-

ability test. Similar to IPC-SM-785, the IPC-9701 recommends the use of an

event detector and/or data logger. However, the event detector approach is pre-

ferred. If the event detector approach was used, the failure is defined very simi-

lar to that in the IPC-SM-785. Specifically, the failure here is designated as the

first increase in the electrical resistance to a 1000 Ohms or higher for a 1 μs or

longer duration along with the confirmation of nine or more additional events

within 10% of the failure cycles. For the data logger approach, the solder failure

is set to relative to the initial resistance value of the IC package, instead of the

use of a preset threshold resistance value. Specifically, the solder failure is char-

acterized as an increase in the electrical resistance by 20% or more of the initial

resistance value for six or more consecutive electrical events. In this standard,

there is no information on the san interval (polling time) or how the 20% crite-

rion was elected.

The JESD22-B111 failure criteria are widely used in the failure definition of

solder interconnects in board-level drop tests. As in all previously described stan-

dards, the JESD22-B111 uses the in situ continuous electrical surveillance for

failure detection in each drop. This standard recommends that the electrical dis-

continuity is to be detected by an event detector or by a high-speed data acquisi-

tion system. If the latter is adopted, the measurement device sampling rate has to

be 50,000 samples per second (50 kHz) or greater. In this case, the solder joint

failure is detected if the resistance exceeds 100 Ohms or it increased by 20%

above the initial resistance if the initial value is greater than 85 Ohms. Also, this

electrical event should be followed by three more events during five consecutive

drops. If the event detector approach is considered, the failure is defined as the

first resistance rise for greater than 1000 Ohms. As in the high-speed acquisition

system approach, this electrical event has to be confirmed with three additional

events within five consecutive drops.

For the failure identification in bending reliability tests, the IPC/JEDEC-9702

standard is widely adopted in electronics industry. This standard defines the fail-

ure as a 20% increase in the initial resistance of the daisy-chained IC package.

Generally, IPC/JEDEC-9702 standard grants some modifications to this limit

based on the capabilities of the used test tools and on the daisy-chain engineering

design. Also, it is important to mention that this failure criterion is commonly

used in the identification of solder failures in the accelerated board-level vibration

reliability testing.

1.5 Conclusion

In this chapter, the three main parts of the electronic packages PCB, IC, and sol-

der interconnects are presented. In real-life, three cyclic in nature loading
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conditions are extensively prone to electronic devices: thermal cycling, shock and

vibration loadings. In thermal cycling, the main driver of solder joints failure is

due to the mismatch in CTE between solder alloy and PCB and/or IC component.

In such type of loading, tensile and mixed-mode strains can occur in the solder

body due to bending of the IC component or board. In shock and vibrations, the

differential bending between the component and the PCB which results in axial as

well as shear deformations of the solder interconnects is the main driver of elec-

tronic failure in such harsh mechanical loading atmospheres. This chapter also

provided several solder failures due to thermal, shock and vibration loadings.

Finally, this chapter presented the most common solder interconnects failure

detection approaches for each reliability test.

1.6 Recommendations
In electronic packaging, there are some design guidelines used to prevent solder

interconnects failures. The first and important design factor is the oriented circuit

board stiffness. Generally, the use of stiffer board could significantly improve the

fatigue life of solder joints. Stiffer PCB structure could be achieved by the choice

of thicker board design. In addition, smaller PCB size would also result in stiffer

design. Moreover, the selection of stiffer laminate (PCB laminate with high mod-

ulus of elasticity value) is also a viable design option. Furthermore, the stiffer

PCB structure could be achieved by the attachment of some stiffeners, such as

heat sinks.

Another design factor that could have a significant effect on the prevention of

solder interconnect failure is the rigidity of the IC component. Normally, the rigid

one is the better. Rigid IC package could be accomplished by the selection if

smaller and thicker IC package. In addition, the engineered choice of the IC pack-

age location of the circuit board might also have a significant effect on solder

joint failures. For example, avoiding the placement of the component at the

expected high PCB deformation regions will result in lower solder stresses and

strains. Hence, it is less likely to allow solder fatigue failures especially in bend-

ing loading environments.

The solder geometric design plays an important role in solder failure preven-

tion. In general, shorter solder joints, for example, land grid array solders have

longer fatigue life in thermal cycling loading conditions. However, taller intercon-

nects, for example, BGA solders, do better in bending and vibration loading

environments. Slimmer (cylinder-like) solder design is also preferred in bending.

In general, stiffer solder design is recommended in engineering applications with

thermal cycling primary loading conditions. However, compliant solder structures

are more likable in impact loading environments.
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2.1 Introduction
For semiconductor manufacturing, failure analysis (FA) is always an important

support function and plays an indispensable role in various activities involved in

daily fab production. The task of FA is to identify the failure mechanism of semi-

conductor devices, providing valuable information and guidance to the issues

related to fab production, such as low yield and yield improvement. In general,

FA is typically classified into three major functional groups: electrical failure

analysis (EFA), physical failure analysis (PFA), and chemical FA.

In the FA processes, PFA and EFA are well integrated with each other.

While EFA is responsible for fault isolation and the characterization of failure

mode, the task of PFA is to identify physical failure signatures (e.g., phase,

composition, and microstructures of semiconductor materials and structures) that

were intimately correlated with the failure modes identified by electrical charac-

terization. By correlating these physical failure signatures with wafer fabrication

processes, PFA is responsible for the final root cause identification and failure

mechanism understanding of integrated circuit (IC) devices, addressing the

issues related to IC design, manufacturing processes, and field application of IC

devices.

Besides the role in fault isolation and defect analysis, PFA has become

increasingly important in process development, optimization, and qualification in

the semiconductor industry. Hence, in modern semiconductor industry, PFA

marks its presence in different cycles of IC products, from initial product tape

out, to process development and qualification, to mass manufacturing, and to final
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field application of products. Together with EFA and chemical FA, PFA activities

are involved in different stages of IC device production, as shown in Fig. 2.1.

Over the past decades, the semiconductor industry has been undergoing fast

development, continuously moving toward the fabrication of smaller and more

complex microelectronic devices with better performance. The continuing shrink-

age in device dimension and the application of new semiconductor materials lead

to great challenges for not only electrical FA but also physical FA. To character-

ize nanosized defects and structures in IC devices, physical analysis with a high

spatial resolution is generally required. Therefore electron beam�based FA tech-

niques, such as transmission electron microscope (TEM) and scanning electron

microscope (SEM), are playing more and more important roles in the PFA due to

their high spatial resolution such as subangstrom level in TEM. In addition, mod-

ern electron microscopes can be equipped with a wide variety of analytical attach-

ments, such as energy-dispersive X-ray spectroscopy (EDS) and electron energy

loss spectroscopy (EELS). Thus they are able to offer comprehensive solutions to

the PFA of semiconductor devices.

However, for physical analysis by TEM and SEM, electron beam radiation

damage�induced structure modification, material diffusion, and phase transfor-

mation brings issues for those electron beam�sensitive materials used in semi-

conductor devices, such as low-k (LK) and ultralow-k (ULK) dielectrics, nitride,

FIGURE 2.1

The correlation of failure analysis with different stages of integrated circuit device

production. EFA, Electrical failure analysis; PFA, physical failure analysis; PI, process

integration; QC, quality control; RMA, return material analysis; TD, technology

development; YE, yield enhancement.
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and even single-crystal Si. As it is well known, the electron beam radiation has

been the subject of tremendous research efforts, especially in the field of biology

imaging by electron microscopy since 1950s [1�3]. In the field of materials sci-

ence and semiconductor FA, the electron beam radiation and its associated

impacts are also the unavoidable topics although not so much efforts have been

devoted as for biological science. For PFA of those electron beam�sensitive

semiconductor structures or defects, it is crucial to understand the underlying radi-

ation damage mechanism and take corresponding technical measures in order to

prevent or minimize radiation-induced structure damage and phase modification.

In general, the radiation damage refers to any changes in physical structure

and chemical composition which occur as a result of exposure to electron beam.

Fig. 2.2 shows different types of electron beam radiation damage. As it is well

recognized, the electron beam radiation damage involves complex physical and

chemical processes during the interaction between high energetic electron beam

and materials under analysis [1�7]. As shown in Fig. 2.2, electron beam radiation

damage can be generated by both the elastic electron scattering and inelastic elec-

tron scattering [3�7]. The knock-on damage and electron bombardment�induced

sputtering are attributed to elastic scattering events with high-energy electrons.

The knock-on damage refers to the direct atom displacement by high-energy elec-

trons due to large momentum transferring, normally occurring only during TEM

FIGURE 2.2

The classification of electron beam radiation damage.
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analysis owing to the high acceleration voltages of up to several hundreds of kilo-

volts. The knock-on damage is the primary cause of radiation damage in metals

and some other inorganic materials. It can also happen in the organic compounds,

but is not considered as the major contributor to radiation damage of organics

because of the faster and significant ionization damage before such knock-on

damage could occur [4]. The radiation-induced ionization effects might be the

most severe cause of the radiation damage to various materials [3]. The ionization

damage can lead to diverse physical and chemical changes in materials, depend-

ing on the composition and chemical bonding nature of the materials. It may

occur in both organic and inorganic compounds, resulting in chemical bond disso-

ciation, atomic displacement, loss of crystallinity, mass loss (sublimation of mate-

rials), enhanced material diffusion, and phase transformation [3�15]. The

electron beam ionization can also result in specimen heating. Different models

were proposed to estimate the rise in local temperature inside the specimen during

SEM and TEM analyses [5,16�19]. It is generally accepted that the temperature

increment by electron beam radiation is not significant except the beam current is

high enough up to μA range. During normal SEM and TEM analyses, in general

beam current as measured is in the nA range. Therefore radiation-induced heat

damage is not significant especially for those materials with good thermal con-

ductivity, like metallic materials.

As far as semiconductor PFA is concerned, the above-mentioned electron

beam radiation�induced damage all could occur during SEM, dual-beam focus

ion beam (FIB) with electron beam imaging system and TEM FA of semiconduc-

tor devices. In this chapter, we will discuss the impacts of electron beam radiation

on some typical beam-sensitive materials in semiconductor devices. Based on

case studies, detailed analysis was performed in order to understand the process

related to electron beam radiation�induced changes in microstructure, phase and

composition of these beam-sensitive semiconductor materials, and how these

changes would affect FA by SEM, FIB, and TEM. Then corresponding technical

solutions will be proposed in order to avoid or to minimize the electron beam

radiation�induced damage in these beam-sensitive semiconductor materials. The

electron beam�sensitive semiconductor materials to be discussed in this chapter

include LK dielectric, ULK dielectric, nitride, and its associated semiconductor

structures, and CoFeB materials in magnetic random access memory (MRAM)

devices.

2.2 Impact of electron beam radiation damage during SEM
failure analysis

2.2.1 SEM physical FA and low-k/ultralow-k dielectrics

As an important PFA tool, SEM is widely used in daily FA to support fab produc-

tion and technology development in the semiconductor industry. With the
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continuous advances in SEM techniques, nowadays modern SEMs can offer sub-

nanometer spatial resolution, and thus have been playing active roles in various

FA activities. In general, the application of SEM in semiconductor FA can be

summarized as follows:

1. Profile measurement and analysis of semiconductor structures and process

layers, which is mainly for process development, optimization and

qualification and so on.

2. Defect characterization, usually with the combination of FIB cross-sectional

milling and elemental analysis by EDS, for the issues related to IC device

failure, and process drift or environmental contamination-induced defects and

so on.

3. Electron beam�based fault isolation, such as passive voltage contrast,

electron beam�induced contrast, electron beam�induced absorption contrast.

These fault isolation analyses are normally performed in the SEM platforms

and are widely used in the wafer-level and die-level failure analyses of

semiconductor IC devices.

The SEM physical analysis, as discussed in this chapter, essentially refers to

the first two applications in the above list. Compared with other physical failure

techniques such as TEM, the advantages of SEM are (1) large depth of focus and

simple tool operation procedure, (2) fast and simple sample preparation, (3) high

throughput with short job cycle time, and (4) cost-effective. The limitation of the

SEM technique lies in its limited imaging contrast modes and lower spatial reso-

lution when compared with the TEM technique. As it is well known, the primary

signal carriers for SEM imaging are secondary electrons (SE) and backscattered

electrons (BSE), as shown in Fig. 2.3A. SE are those electrons with the energy

less than 50 eV, while BSE have the energy close to the energy of the primary

incident electrons. SE signals have relatively shallow escape depth of around sev-

eral tens of nanometers, while BSE signals have much larger escape depth of up

to several micrometers or tens of micrometers depending on the type of materials,

as illustrated in Fig. 2.3B. Therefore the high-resolution SEM imaging has to rely

on the SE signals, which offers topographic contrast in SEM analysis. For BSE

signals, their large escape depth leads to large signal delocalization during SEM

imaging, and thus BSE imaging has poor spatial resolution, but it can offer mass

contrast.

During PFA by SEM, we always need to take note of both spatial resolution

and signal-to-noise ratio. As it is well known, the spatial resolution of SEM is

determined by the probe size. Increasing acceleration voltage of electron beam

can help to improve SEM imaging resolution by not only shortening the wave-

length of electron waves, but also reducing the chromatic aberration of the SEM

electron optical system. On the other hand, in order to obtain sufficient signal-to-

noise ratio in SEM images, it is necessary to acquire images with a large beam

current. However, higher acceleration voltage and higher electron beam current

will bring in the issues of electron beam radiation damage to those beam-sensitive
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materials. High acceleration voltage of the electron beam directly results in large

electron interaction volume in SEM samples, while large beam current leads to

more intensive inelastic scattering events in the samples, and thus more severe

radiation-induced damage.

During the semiconductor FA by SEM, the most frequently encountered issue

could be structural damage such as deformation of LK and ULK dielectric materi-

als, as shown in Fig. 2.4. The specimen in Fig. 2.4 was cut by mechanical cleav-

ing from a wafer after via the etch process. As shown in Fig. 2.4, the LK

dielectric process layer suffered from severe structure deformation, appearing in

bowl shape. Such SEM profile is definitely not the authentic one after via the

etch process, and thus the associated measurements are no more accurate and use-

ful for the fab process development or monitoring.

To solve the issue of the electron radiation damage to LK and ULK dielec-

trics, we need to understand the physical and chemical properties of this group of

beam-sensitive materials. As it is well known, the use of LK and ULK materials

to replace SiO2 as intermetal dielectrics (IMD) is to reduce cross-talk and the

resistance�capacitance delay of the global wiring in semiconductor devices. With

the continuous device scaling, chip wiring (interconnect) is scaled as well, which

leads to the performance degradation as both resistance and current density

increase due to the smaller cross-sectional area of the scaled interconnect metal

lines. An additional consequence of scaling is an increase in sidewall capacitance

as conductors are placed in closer proximity to one another [20,21]. Therefore the

introduction of LK dielectrics as IMD in between Cu interconnect metal lines pro-

vides a good material solution for the above-mentioned issues.

FIGURE 2.3

Illustration of (A) the interaction between the electron beam and specimen; (B) the

interaction volume of the electron beam in a thick specimen. BSE, Backscattered

electrons; SE, secondary electrons.
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Essentially, LK dielectric is a type of Si-based polymer materials. Fig. 2.5

shows a typical elementary unit of an LK material [22]. It consists of the net-

works of Si, O, C, and H elements, and thus is known by different names, such as

SiCOH, carbon-doped oxide, or organosilicate glass. The dielectric constant of

typical LK SiCOH materials is around 2.5�3.1, lower than B4.0 of SiO2 dielec-

tric materials [23,24]. For the ULK SiCOH materials, porous structure was intro-

duced into their elementary units by tuning the deposition chemistry and

processes. The dielectric constant of the ULK SiCOH materials is typically lower

than 2.5 [23,24]. Normally the LK and ULK dielectric materials have low thermal

conductivity. The low thermal conductivity and high content of organic radicals

in LK and ULK SiCOH materials render them to be very electron-beam sensitive,

which will be discussed in the following sections.

2.2.2 Electron beam radiation damage to low-k and ultralow-k
dielectric materials

As it is well recognized, most organic materials are extremely electron-beam

sensitive showing severe structure and phase degradation under electron dose

FIGURE 2.4

The electron beam radiation�induced structure deformation of low-k dielectrics during

scanning electron microscope analysis.

252.2 Impact of electron beam radiation damage



above B100 e/nm2 [25]. For LK and ULK dielectrics, high-dose electron

beam�induced radiation damage could be induced by either elastic knock-on

damage or inelastic scattering�induced ionization damage or both during

SEM FA.

2.2.2.1 Electron beam�induced knock-on damage
Under the elastic collision model, the maximum knock-on energy transfer to an

atom can be estimated by [26,27]:

Emax 5
4MiMaE0

Mi1Mað Þ2 (2.1)

where Emax is the maximum energy transferred from electrons to a target atom,

Mi is the mass of the incident electron, and Ma is the mass of the target atom in

the material, and E0, the energy of the incident electrons. Based on Eq. (2.1), the

calculated Emax of different organic radicals is plotted as shown in Fig. 2.6.

In the case of energetic elastic electron head-on collision on target atoms,

when the maximum transferred energy Emax exceeds the threshold energy Ed of

the target materials, the atomic displacement damage or knock-on damage occurs.

In SiCOH materials, the C�H, C�C, and C�O are the organic radicals with the

chemical bonding, with their Ed of 5.5, 4.2, and 4.2 eV, respectively [17]. Based

on the calculation shown in Fig. 2.6, the threshold displacement voltages for

FIGURE 2.5

Elementary unit of carbon-doped silica glass and schematic bonding structure with cross-

linking [22].

© 2003 American Institute of Physics.
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C�H, C�C, and C�O radicals are 21.4, 23.0, and 30.9 keV, respectively. If

acceleration voltage used in SEM analysis is lower than 21 keV, the knock-on

damage should not take place in SiCOH dielectrics. Therefore SEM analysis at

low voltage is preferable for SiCOH materials.

Fig. 2.7A and B shows SEM micrographs of the cross section of via holes pat-

terned in an LK SiCOH IMD layer at 3 and 1 kV, respectively. The cross-

sectional samples were prepared by the mechanical cleave method without using

FIB. Before SEM analysis, the samples were sputtering coated with an
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FIGURE 2.6

The dependent of Emax (the maximum energy transferred to target organic radicals) on the

acceleration voltage of electron beam.

FIGURE 2.7

Cross-sectional scanning electron microscope micrographs of the via holes patterned in

low-k carbon-doped oxide (SiCOH) intermetal dielectrics layers (k5 2.75, and the

standard SiCOH layer thickness of 270 nm by inline measurement) taken with 1 nm Pt

coating and probe current of 220 pA at (A) 1 kV and (B) 3 kV.
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anti-charging Pt layer of B1 nm in thickness. The probe current used was

220 pA. As shown in Fig. 2.7, large shrinkage was observed in SiCOH IMD layer

at both 1 and 3 kV, more than 40 nm at 3 kV. Such electron beam radia-

tion�induced SiCOH deformation occurred very fast, within several seconds

depending on the imaging conditions. In general, higher working voltage led to

more severe and faster shrinkage in SiCOH layer. As shown in Fig. 2.7A, the

radiation-induced SiCOH shrinkage resulted in not only the profile deformation

of via holes, but also the delamination and cracks between different process

layers. Since the working voltage of 1�3 kV was far below the calculated thresh-

old displacement voltage, Ed, the results above indicated that the electron beam

radiation damage to LK SiCOH was not due to elastic knock-on damage mecha-

nism at such low-kV SEM imaging conditions.

2.2.2.2 Electron beam�induced thermal damage
As discussed in Section 2.1, the inelastic scattering�induced ionization effect

also involves significant energy transfer from the incident energetic electrons to

the target atoms. Most of the energy ends up as heat within the specimen, leading

to the local temperature increase in the beam illuminated area [5,17]. Such elec-

tron beam radiation�induced heat damage could occur in both SEM and TEM

FA depending on the beam illumination condition and the properties of the mate-

rials. Based on the model by Reimer, the temperature increment under stationary

probe illumination mode can be estimated by Eq. (2.2) [16,17]:

ΔT 5
3V � I
2πk � R (2.2)

where V is the acceleration voltage, I is the probe current, k is the thermal con-

ductivity, and R is the electron range. According to the study by Delan et al. [28],

thermal conductivity of LK materials is around 0.11 W/m�K for porous ULK, and

0.19 W/m�K for LK materials. Based on the Monte Carlo simulation, the electron

ranges in SiCOH LK materials at 1 and 5 kV are around 40 and 500 nm, respec-

tively, as shown in Fig. 2.8A and B. Using the average thermal conductivity of

0.15 W/m�K for SiOCH materials, the temperature increment inside LK SiCOH

materials can be estimated by Eq. (2.2) and plotted out as shown in Fig. 2.9.

As shown in Fig. 2.9, the temperature rise induced by electron beam radiation

is not significant when electron probe current is less than 1 nA. In terms of our

FA work, typical probe current was usually in pico-ampere (pA) range for SEM

analysis of SiCOH LK materials. As shown in Fig. 2.7A and B, the probe current

was only 220 pA. Based on Eq. (2.2) and Fig. 2.9, the temperature increment at

220 pA was less than 20�C at both 1 and 3 kV, which was too low to induce any

structure damage or deformation. Therefore the structure deformation and shrink-

age in SiCOH materials should not be ascribed to electron beam radia-

tion�induced heating effects unless the electron probe current is up to several

tens of nano-ampere and above.
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In addition, as shown in Fig. 2.9, the radiation-induced heating effect is more

obvious at a lower acceleration voltage. The reason may lie in the fact that radia-

tion generated heat flow is dissipated across three dimensions (3D) in bulk SEM

specimen. At the same level of probe current, higher acceleration voltage gives

rise to larger interaction volume, and thus larger heat dissipation space for which

local temperature increment under beam radiation is less significant. This is in

contrary to what we observed during SEM FA of LK SiCOH materials. As shown

in Fig. 2.7, at similar probe current of B220 pA, SiCOH shrinkage was appar-

ently larger and faster at 3 kV than at 1 kV. Higher working voltage always

FIGURE 2.8

Electron interaction volume inside low-k carbon-doped oxide material at (A) 1 kV and (B)

5 kV (by Monte Carlo simulation program Casino V2.42 based on Rutherford scattering

model).
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FIGURE 2.9

The dependence of temperature rise in carbon-doped oxide materials on the current of

electron probe during scanning electron microscope analysis.
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brought faster and larger structure deformation of the SiCOH layer. The results

provide further evidence that heating effect by electron beam radiation does not

account for the radiation damage of SiCOH materials during SEM FA.

2.2.2.3 Electron beam�induced radiolysis damage
The radiolysis damage is one type of ionization damage as a result of inelastic

electron scattering. The energy lost from the primary incident electrons is trans-

ferred to the atoms under beam illumination, by which single-electron transition

or collective single-electron transition processes take place, namely, electron exci-

tation from valence band to conduction band occurs [7]. For those materials with

low density of electrons in conduction band like LK SiCOH materials, the life-

time of the minority carriers is long enough, for which before electron�hole com-

bination in valence band, large amount of the excitation energy will be stored as

potential energy inside materials. This leads to the chemical bond rupture and

mass loss with the escape of light elements such as H, N, and O, the so-called

radiolysis damage [7]. The radiolysis damage is reported to be most severe in

organic materials such as biological samples containing covalent bonds and other

type of weaker chemical bonds. The as-mentioned radiolysis damage well applies

to LK SCOH materials which contains substantial amount of C�O, C�H, and

C�C radicals with covalent bonds [29].

2.2.3 Control of electron beam radiation damage to low-k and
ultralow-k dielectric materials

2.2.3.1 The effects of acceleration voltage
As mentioned in Section 2.2.2.1, knock-on damage does not happen to LK and

ULK dielectrics under SEM FA due to low acceleration voltage. However, as

shown in Fig. 2.7A and B, higher working voltage did induce larger and faster

radiation damage to LK and ULK dielectrics. The reason behind may lie in the

fact that higher acceleration voltage gives rise to larger interaction volume of

electron beam, for which inelastic electron scattering events can occur in deeper

volume of the materials. For instance, at 1 kV, the electron range is just around

40 nm into the sample surface, while it can be up 500 nm at 5 kV, as indicated in

Fig. 2.8A and B. Giving the same probe current, the radiation damage at 5 kV

will occur deeper into sample surface for 500 nm, while the radiation damage at

1 kV only affect 40 nm in depth, near surface region of the sample. Therefore the

higher the acceleration voltage, the deeper the radiation-induced radiolysis dam-

age inside the sample takes place, for which larger and faster structure deforma-

tion or shrinkage will appear for LK and ULK dielectrics. This is evidenced by

more severe deformation of via holes as shown in Fig. 2.7B.

Modern SEMs now have good imaging capability with reasonable high resolu-

tion at a voltage lower than 1 kV. There is a good review of the issues related to

low-voltage SEM imaging by Müllerová and Frank [30]. Essentially, these issues
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are mainly related to the effects of chromatic aberration, and diffraction effects to

imaging resolution, which can be expressed by Eqs. (2.3) and (2.4):

dc 5KcCc

ΔE

E
α (2.3)

dD 5KDλα21 (2.4)

where dc and dD are the disk of confusion (i.e., minimum probe size) due to chro-

matic aberration and diffraction limits, Kc and KD, the numeric factors; Cc, the

chromatic aberration constant; ΔE, the energy spread; E, the incident beam

energy; λ, the wavelength of electron beam; and α, the angular aperture related to

primary electron beam. As given in Eqs. (2.3) and (2.4), the imaging resolution

decreases with decrease in acceleration voltage, that is, both dc and dD increase

with voltage decrease.

To overcome or decrease the impacts of chromatic aberration and diffraction

limits, advanced SEM systems have different electron optics designs, such as

electron beam booster system and the beam deceleration designs. Essentially all

these designs try to maintain a relatively high acceleration voltage of electron

beam inside the SEM column before the electron beam strikes on the specimen.

Therefore for SEM FA associated with LK and ULK dielectrics, it is advised to

use the lowest working voltage if the resolution at such low voltage can meet the

analysis requirements.

2.2.3.2 The effects of probe current
Since the radiation damage in LK and ULK dielectrics mainly arises from the

radiolysis damage during SEM analysis, electron dose control is thus the key to

minimize such radiation damage by tuning electron beam current. We should use

the lowest electron beam current provided that the signal-to-noise ratio in SEM

images is reasonable to give sufficient contrast of the target structures. In general,

the electron beam current of SEM is dependent on the type of electron source,

and the setting of beam illumination system [gun lens and condenser lens (CL)],

as well as the size of CL apertures. At the common user level, the beam current

can be directly tuned by selecting the size of CL aperture at a certain voltage.

Fig. 2.10A and B shows, respectively, the effects of acceleration voltage and

the size of CL apertures on the probe current of Zeiss Ultra55 SEM, which was

measured by a Faraday cup. It is clear that the probe current increases with both

acceleration voltage and size of CL aperture. Normally the electron current

extracted from the electron source is proportional to the acceleration voltage [30].

Compared with the effects of acceleration voltage, the CL aperture has a larger

impact on the probe current. During SEM operation, when selecting different

probe currents at a fixed acceleration voltage, the users are actually selecting dif-

ferent CL apertures at a fixed acceleration voltage.

Fig. 2.11 shows the cross-sectional SEM micrographs of post-etch via hole

profiles imaged with 220 and 15 pA at 1 kV, respectively. The maximum
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shrinkage of the LK dielectric layer was up to B38 nm under 220 pA, while it

was only B17 nm under 15 pA. The results indicated that the small probe current

can effectively reduce the beam radiation damage to LK dielectrics. However,

there was still appreciable structure shrinkage at the smallest beam current of

15 pA at 1 kV. Therefore further reduction in the radiation damage is necessary

in order to obtain the authentic via hole profile after via etch process, which is

essential for the etch process development, qualification, and monitoring.

2.2.3.3 The effects of Pt anticharging coat layer
To further reduce the electron beam radiation�induced structure deformation in

LK dielectrics, we may consider using a relatively thick surface coating materials
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FIGURE 2.10

The dependence of probe current of the Zeiss Ultra55 scanning electron microscope on

(A) the acceleration voltage and (B) the size of the condenser lens aperture.

FIGURE 2.11

Cross-sectional scanning electron microscopy micrographs of the postetch via holes

patterned in low-k carbon-doped oxide (SiCOH) intermetal dielectrics layers (k5 2.75, and

the standard SiCOH layer thickness of 270 nm by inline measurement) taken at 1 kV with

1 nm Pt surface coating and the probe current of (A) 220 pA and (B) 15 pA.
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such as Pt and Au. As it is well recognized that the electron ranges of materials

are strongly dependent on the atomic mass of the materials, and heavy metallic

materials such as Pt normally have smaller electron ranges than those materials

with low atomic mass such as carbon and LK dielectrics. It was reported that the

electron range of carbon was just around 33 nm while it was just around 3 nm for

Au at 1 kV [31].

By using Monte Carlo simulation, we can appreciate the large difference in

the interaction volume of Pt and SiCOH LK dielectrics, as shown in

Fig. 2.12A�C. At 1 kV, the electron range of Pt is just around 4 nm, 10 times

smaller than that of SiCOH LK dielectrics, 40 nm. The results indicate that a thin

layer of Pt coating on SiCOH LK dielectric layer can effectively reduce the pene-

tration depth of electron beam for about 10 times. This helps to reduce radiation

damage in two aspects. First, the significant reduction in the electron penetration

depth implies the inelastic scattering only occurs near the surface region of the

FIGURE 2.12

The effects of Pt surface coating layer on the size of interaction volume (using Monte

Carlo simulation program Casino V2.42 based on Rutherford scattering model): (A) low-k

carbon-doped oxide (SiCOH) at 1 kV with 2 nm probe; (B) Pt at 1 kV with 2 nm probe;

and (C) low-k SiCOH with 2 nm Pt top coating layer at 1 kV with 2 nm probe.

© 2008 ASM International [32].
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LK SiCOH process layer, for which the radiation damage is confined to a shallow

depth of B2 nm SiCOH layer. Even with significant radiation damage to SiCOH,

such shallow surface damage would not lead to a large structure deformation in

the thick SEM specimen. On the other hand, the small penetration depth of elec-

tron beam also indicates the less electron flux striking into the SiCOH LK process

layer, and thus less inelastic electron scattering events take place for which the

radiation-induced structure damage is greatly inhibited.

Fig. 2.13A�C verified the effects Pt surface coating layer on the electron radi-

ation damage in LK SiCOH materials. As shown in Fig. 2.13B, 3 nm thick Pt sur-

face coating layer effectively reduced the electron radiation damage, the thickness

of SiCOH layer was around 265 nm, which was close to the inline measurement

of 270 nm with only around 2% deformation. With further increase in Pt coating

layer thickness to 6 nm, the SiCOH layer shrinkage was further reduced, for

which the as-measured SiCOH thickness of 269 nm was close to the inline data.

Therefore the profile and measurement shown in Fig. 2.13B and C can be

FIGURE 2.13

Cross-sectional scanning electron microscopy micrographs of the via holes patterned in

low-k carbon-doped oxide (SiCOH) intermetal dielectrics layers (k5 2.75, and the

standard SiCOH layer thickness of 270 nm by inline measurement) taken at 1 kV with a

probe current of 15 pA and (A) 1 nm Pt coating, (B) 3 nm Pt coating and (C) 6 nm Pt

coating; (D) the via holes patterned in ultralow-k SiCOH intermetal dielectrics layers

(k5 2.45, and the thickness of 350 nm by inline measurement) imaged with 15 pA and

3 nm Pt surface coating at 1 kV.
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considered as the authentic profile of the via holes after via etch processes. Only

with such level of SiCOH deformation can SEM FA results be used for the pur-

poses of fab process development, monitoring, and qualification.

The abovementioned low-kV and low-dose with Pt coating technical solutions

were successfully applied to the SEM FA of ULK process layers or their associ-

ated structures. As shown in Fig. 2.13D, there was no appreciable shrinkage in

the ULK process layer, and no deformation in via holes during SEM analysis.

2.3 Impact of electron beam radiation during FIB and TEM
failure analysis: radiation damage to LK and ULK
dielectrics

For the physical FA of LK and ULK SiCOH IMD process layers and the associ-

ated semiconductor structures, although SEM FA can provide good imaging reso-

lution up to nanometer size range, there are some FA cases that require TEM FA

with a higher resolution and complex chemical analysis for the nanoscale micro-

structure features. Fig. 2.14A and B shows two typical examples that required

TEM physical FA. In Fig. 2.14A, the fab requested clear TEM analysis in order

to understand the via etch gouging into bottom NBLK (N-rich block layer, mainly

silicon nitride) layer which is only of several tens of nanometers in thickness.

Under SEM, it is difficult to get the clear profile of NBLK layer because of

almost no contrast in-between NBLK and LK IMD process layer. Therefore TEM

FA is needed in order to understand the exact etch gouging into the NBLK pro-

cess layer. However, due to electron radiation damage to LK IMD layer, the

FIGURE 2.14

Transmission electron microscopy micrographs of (A) via holes and (B) Cu metal voids in

low-k (LK) intermetal dielectrics layers, showing the severe profile deformation due to

electron beam�induced radiation damage to LK process layer.
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severe deformation in via holes and NBLK layer rendered the questionable FA

results. Fig. 2.14B shows another typical TEM FA case related to Cu voiding

issue, and the fab wished to understand the mechanism related to the formation of

the Cu voids. Therefore detailed TEM FA with elemental analysis was required

to in order to find out the root cause and associated process drift. However, as

shown in Fig. 2.14B, there was strong deformation of NBLK layer [by red dash

lines (gray in print version)] above the LK IMD layer, indicating large structure

deformation of LK layer during TEM analysis. In addition, in terms of the profile

of the Cu voids, it was hard to understand how the production processes would

lead to such abnormal metal profile with Ta/TaN linear bowed, leaving behind

big voids inside the metal. Therefore such TEM FA results were doubtful, and the

profile obtained TEM FA was not authentic one and thus could not be correlated

to the manufacturing processes. All these abnormal FA results require FA engi-

neers to solve the electron beam radiation damage to LK dielectrics before the

valuable TEM FA results can be delivered for fab production supports.

Compared with SEM physical FA, TEM FA faces more challenges when we

deal with the issue of electron beam radiation damage to LK and ULK dielectrics.

For TEM FA, the electron beam radiation damage could occur in the following

TEM FA process steps:

• Electron beam survey before FIB milling for locating target location or

structures if LK or ULK process layer is the top process layer or close to the

top process layer.

• Surface coating by electron beam deposition method before FIB milling if LK

or ULK process layer is the top process layer or close to the top process layer.

• FIB slice and electron beam view before milling to the target structures.

• TEM imaging analysis.

To understand how the above-mentioned processes would induce the electron

beam radiation damage to LK and ULK dielectrics, in the following sections we

will give detailed description of the electron radiation�induced structure defor-

mation and the associated technical solutions during different TEM FA process

steps. Cu/ULK (k5 2.55) structures with different metal densities after chemical

mechanical polishing (CMP) were chosen for evaluating the electron radiation

damage to ULK materials during different process steps of TEM FA work.

2.3.1 Electron beam radiation damage during electron beam
survey before focus ion beam milling

For wafer-level site-specific FA work, the general procedure is first to cut out the

die with the target location from the wafer based on the wafer map (Fig. 2.15A),

and then mark the target structure by using laser mark under optical microscope

if the target structure is large enough to be visible under optical microscope. If

the target structure is too small to be visible under optical microscope, electron
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beam survey is needed to locate and mark the target structure by using SEM or

electron beam viewing in dual-beam FIB (with both ion beam and electron beam

systems). Fig. 2.15B is a typical top-down SEM micrograph of Cu metal layers of

one semiconductor device, and the target structure as circled is just around

200 nm, and thus site survey and target localization need to be done with electron

beam viewing by a SEM or a dual-beam FIB. Once using electron beam site sur-

vey, it is important to take note of electron radiation damage issue when LK and

ULK dielectrics is the top process layer or close to the top process layer. To mini-

mize the radiation damage, the site survey should be performed under low-kV

and low-dose electron beam imaging conditions, and meanwhile a thin layer of Pt

coating on the sample surface is suggested in order to further reduce the radiation

damage, as discussed in Section 2.2.

2.3.2 Electron beam radiation damage during electron beam
coating before focus ion beam milling

In general, before FIB milling, a surface protection layer needs to be deposited on

sample surface in order to avoid the surface damage by ion beam during FIB mill-

ing. Normally, such protection layer can be different types of materials such as

oxide, Pt, and carbon-based materials. It can be deposited either by the ex situ

coating methods before sample loading to FIB or by the in situ electron beam or

ion beam assisted chemical vapor deposition processes inside FIB. However, for

the post-CMP Cu/ULK structure, ion beam surface coating should be avoided due

to ion beam milling and bombardment on the sample surface. Thus two methods

were used for the surface coating, namely in situ electron beam coating in FIB

tool and ex situ photoresist (PR) spin coating.

FIGURE 2.15

(A) A schematic wafer map showing the location of the target structure for transmission

electron microscopy failure analysis (TEM FA). (B) A typical top-down scanning electron

microscope micrograph showing the target structure to be analyzed by TEM FA.
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Fig. 2.16A and B shows, respectively, the TEM micrograph of Cu/ULK struc-

tures with electron beam carbon coating and PR spin coating. For both samples,

the FIB milling and TEM imaging were performed under the same conditions and

thus they underwent similar level of electron dose except the additional electron

beam exposure in case of electron beam coating. Apparently, the sample with

electron beam coating had much larger ULK shrinkage of B24 nm, two times as

large as that of PR-coated sample. The large ULK shrinkage can be attributed to

the enhanced radiation damage during electron-coating process in which an inten-

sive electron beam of 13 nA continuously scanned across the sample surface.

Therefore in order to minimize the radiation damage to LK and ULK dielectrics,

electron beam coating should be avoided when the top process layer contains LK

or ULK dielectrics.

2.3.3 Electron beam radiation damage during focus ion beam
milling for transmission electron microscopy sample
preparation

The TEM sample preparation can be performed using either single-beam or dual-

beam FIB tools. Single-beam FIB has only ion beam column and thus no electron

beam imaging system is available for cross-sectional viewing during FIB milling.

For those FIB work related to the nonsite-specific and big structures, single-beam

FIB can accomplish the jobs without electron beam viewing. However, for the

site-specific small structures, FIB milling by a dual-beam FIB is needed because

cross-sectional electron beam viewing is needed to aim for the small target struc-

ture and to achieve the accurate FIB cut for the purpose of TEM analysis. This is

FIGURE 2.16

Transmission electron microscopy (TEM) micrographs of Cu/ultralow-k (k5 2.55)

structures: (A) with electron beam carbon coating (under electron beam of 5 kV and

13 nA) and (B) with photoresist spin coating (focus ion beam milling and TEM imaging

were done under the same conditions).
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the so-called FIB slice and view processes. During these FIB FA processes, if the

electron dose is not properly controlled, large structure deformation of LK/ULK

dielectrics will occur. Fig. 2.17A and B shows, respectively, the TEM micro-

graphs of dense and loose Cu/ULK structures after FIB milling with high kV

(10 kV) and high-dose (340 pA probe current) electron beam viewing. Clearly,

large shrinkage of 11.5 nm was observed in the ULK layers of the dense Cu/ULK

structure (Fig. 2.17A); while for the loose metal structures, the deformation was

even larger, up to 17.6 nm (Fig. 2.17B).

In contrast, when using low-kV and low-dose electron beam viewing at 2 kV

and 11 pA, the ULK deformation was reduced to 6.8 and 12 nm, respectively, as

FIGURE 2.17

The TEM micrographs of Cu/ultralow-k (k5 2.55) structures by FIB milling with different

electron beam slice/view processes: (A) dense Cu metal structure; (B) loose Cu metal

structures with electron beam viewing at 10 kV and 340 pA; (C) dense Cu metal structure;

and (D) loose Cu metal structures with electron beam viewing at 2 kV and 11 pA (all

samples were analyzed under a typical bright-field TEM imaging conditions with Spot-1

and condenser lens aperture-50 μm). FIB, Focus ion beam; TEM, transmission electron

microscope.
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shown in Fig. 2.17C and D. If the target structure is large enough and FIB slice/

view process is not required, the electron beam illumination before and during

FIB milling can be completely avoided. Fig. 2.18A and B shows Cu/ULK struc-

tures that were cut by single-beam FIB. Without electron beam viewing, the

deformation of ULK was further reduced to 3.3 and 6.3 nm for dense and loose

Cu/ULK structures, respectively. Table 2.1 summarizes the ULK shrinkage under

different electron beam viewing conditions during FIB milling for TEM sample

preparation. In order to minimize the electron beam radiation damage to ULK,

electron beam surface coating should be avoided, and the FIB slice and view pro-

cess needs to be performed with low-kV and low-dose electron beam viewing

mode. In addition, different Cu/ULK metal stacks may have different levels of

structure deformation under the same beam illumination conditions. Loose metal

structure always had larger shrinkage in ULK than that of dense structure, as indi-

cated in Table 2.1. Such phenomena were commonly observed during FIB and

TEM FA work, for which FA engineer should be always aware of such abnormal-

ity due to electron beam radiation damage, and thus be cautious of the interpreta-

tion of FA results associated.

2.3.4 Electron beam radiation damage during transmission
electron microscope analysis

With even proper pre-FIB surface coating and low-kV/low-dose FIB milling and

single-beam sample preparation techniques, appreciable shrinkage of ULK dielec-

trics still occurred, as indicated in Table 2.1 and Figs. 2.16�2.18. Such level of

ULK shrinkage was due to the radiation damage generated during TEM analysis

under the conventional bright-field imaging mode with a high electron dose.

FIGURE 2.18

The TEM micrographs of Cu/ULK (k5 2.55) structures by single-beam FIB milling without

electron beam viewing: (A) dense Cu/ULK structure and (B) loose Cu/ULK structure. FIB,

Focus ion beam; TEM, transmission electron microscope; ULK, ultralow-k.
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Fig. 2.19A�D shows the time-dependent ULK shrinkage under normal bright-

field TEM imaging conditions with electron dosage of B1012 e/A2�s. The results

indicated that large and fast ULK shrinkage occurred during TEM analysis, and

electron dose control is needed to minimize the radiation damage to LK and ULK

dielectrics.

As mentioned previously, for the cryo-TEM imaging of those beam-sensitive

biological samples, low-dose TEM technique has been well established to mini-

mize the electron beam radiation damage and thus to maintain the native struc-

tures of biomolecules such as proteins [33,34]. Therefore in the field of biological

TEM image, TEMs usually have the low-dose imaging capability with the associ-

ated software control during sample search, image focus, and capture, such as

SerialEM in JEOL TEMs and low dose in FEI TEMs. In addition, during TEM

analysis, the dosage of the electron beam can be real-time monitored, and thus

the total electron dose to specimen be precisely controlled, especially in some

complex TEM analysis such as 3D cryo-electron tomography TEM analysis [35].

Normally in semiconductor physical FA labs, TEMs are rarely equipped with

any low-dose and cryo-TEM imaging facilities. However, there are still other

technical approaches that can be used to control the electron dose for LK and

ULK associated TEM analysis. Table 2.2 listed the electron dose rates at the dif-

ferent TEM beam illumination settings and CL aperture size.

For cryo-TEM analysis of biological samples, generally the total electron dose

limit that cryo-samples can withstand is around 100 e/Å2. For LK and ULK

dielectric materials, our experimental studies also revealed similar dose limits.

Therefore at a magnification of 3 97K, if the TEM search, focus and image cap-

ture can be done within 5 seconds, the feasible beam illumination conditions can

only be those with spot size of 6 or smaller and the CL aperture of 30 μm or

smaller. If the whole TEM imaging process takes longer than 10 seconds, then the

Table 2.1 A summary of ULK shrinkage under different pre�focus ion beam
(FIB) surface coating and electron beam viewing conditions during FIB
milling processes.

ULK shrinkage
under dual-beam
FIB slice/view
with electron
beam at
(10 kV, 340 pA)

ULK shrinkage
under dual-beam
FIB slice/view
with electron
beam at
(2 kV, 11 pA)

ULK shrinkage
without electron
beam viewing
(single-beam FIB)

PR coating,
dense Cu/ULK
structure (nm)

11.5 6.8 3.3

PR coating,
loose Cu/ULK
structure (nm)

17.6 12.0 6.3
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FIGURE 2.19

The dependence of ultralow-k (ULK) shrinkage of Cu/ULK (k5 2.55) structures with beam

illumination time (focus ion beam slice/view with electron beam viewing at 2 kV and

11 pA, and transmission electron microscope imaging conditions with Spot-1 and

condenser lens aperture of 50 μm).

Table 2.2 The electron dose rates at the different beam illumination settings
(FEI Tecnai F20 TEM at 200 kV).

Spot-1,
CL
aperture
(50 μm)

Spot-3,
CL
aperture
(50 μm)

Spot-6,
CL
aperture
(50 μm)

Largely defocused
diffraction imaging
mode, Spot-9, CL
aperture (30 μm)

Electron dosage
(e/A2�s) at
magnification of
397K

1012 278 24 Search mode: 0.0013
Exposure mode: 3

CL, Condenser lens.
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feasible illumination setting will be Spot-9 and condenser aperture of 30 μm or

smaller. Therefore such level of dose control is quite challenging in terms of nor-

mal TEM operation. To overcome the issues related to extended sample exposure

to the electron beam during sample search, and imaging focus, we proposed an

alternative low-dose TEM imaging technique using a conventional TEM, that is,

sample search and imaging focusing in the largely defocused diffraction imaging

mode, and image capture at low-dose bright-field TEM imaging mode. The whole

procedures are described in an FEI Tecnai F20 TEM:

1. Set the beam illumination condition to Spot-9, the smallest CL aperture-1

(30 μm) before starting TEM viewing.

2. Setting and image alignment in the largely defocused diffraction imaging

mode:

a. Fully defocusing CL to set it at the lowest excitation level under which the

imaging brightness becomes very weak. Tuning the condense lens a little

bit until some weak contrast can be seen at the defined magnification. Find

a typical small feature near the target structure, and center it to the screen

center by using TEM stage, as shown in Fig. 2.20A.

b. Switch to diffraction mode and largely defocus the intermediate lens so

that sufficient image contrast can be obtained in the diffraction mode, as

shown in Fig. 2.20B.

c. Use diffraction shift to align the same feature as illustrated in Fig. 2.20A

to the center of the screen, as shown in Fig. 2.20C. With such alignment,

whatever is centered in defocused diffraction image mode will also be at

the center in the bright-field TEM imaging mode.

d. Search through the interested TEM sample in the defocused diffraction

imaging mode, and centered the target structure to the center of the screen

and record the x/y physical position of the target structure.

3. Separate image focus and image capture:

a. Using stage control to move to a structure that is a bit far away from the

target one.

b. Switch to bright-field TEM imaging mode, and do all the necessary optical

alignments, and adjust magnification, electron doses and image focus properly.

c. Switch to the largely defocused diffraction imaging mode again and load

the as-saved physical position of the target structure (by clicking x/y

movement only).

d. After image centering, switch to TEM imaging mode, and immediately

capture the image of the target structure at the predefined magnification

(exposure time 1�3 seconds).

With abovementioned low-dose TEM imaging technique, the electron dose

that the sample received during TEM search and focus can be greatly minimized

due to very low-dose rate of 0.0013 e/Å2�s in the diffraction imaging mode, as

indicated in Table 2.3. Therefore the radiation damage to ultralow-k can be

reduced effectively.
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Fig. 2.21 shows the TEM micrographs of Cu/ULK structures under different

TEM imaging conditions. With the same CL aperture (50 μm), when the spot size

was reduced from Spot-1 to Spot-6, the electron dose rate was reduced from

10,120 to 24 e/Å2�s, and thus ULK shrinkage was reduced from 6.8 to 3.6 nm, as

shown in Fig. 2.21A�C. By using the low-dose imaging in diffraction mode, the

electron dose was further reduced, and thus ULK shrinkage was just around

1.8 nm.

The above results indicate that, even with low-dose imaging techniques, there

still exists some ULK shrinkage, as shown in Fig. 2.21D and Table 2.3. Such a

small ULK shrinkage could be induced by low-dose dual-beam FIB milling pro-

cess before TEM analysis. To verify this, a combination of single-beam FIB mill-

ing and a low-dose TEM imaging technique were employed. Fig. 2.22A and B

FIGURE 2.20

Low-dose imaging techniques in a conventional transmission electron microscope: (A)

image under bright-field mode with the lowest brightness; (B) misaligned image; and (C)

well-aligned image in the largely defocused diffraction imaging mode.
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shows the TEM micrograph of Cu/ULK, and clearly the radiation-induced shrink-

age to ULK layer was almost zero.

In summary, for FIB/TEM physical FA of LK/ULK dielectrics and their asso-

ciated semiconductor structures, it is important to take note of the electron radia-

tion damage in every possible FA steps, namely, pre-FIB sample surface coating,

sample navigation, FIB slice and view, and TEM imaging. In the FA process that

needs electron beam viewing, the electron dose rate should be kept as low as pos-

sible. On the other hand, for such low-dose FIB and TEM FA work, normally the

FA engineers need to have relatively high technical skills in terms of FIB and

TEM operation so that they can perform high-quality FA work as fast as possible

to minimize unnecessary extended sample exposure to electron beam radiation.

2.4 Impact of electron beam radiation damage during TEM
failure analysis: radiation damage to silicon nitride

Since the early semiconductor development, silicon nitride has been commonly

used for various process layers and for various purposes in semiconductor

devices. Silicon nitride has intrinsic impermeability to most impurities, which

qualifies its primary use as a passivation layer, especially as a diffusion barrier to

moisture and sodium [23]. With its high dielectric constant of 6�9, it is an ideal

dielectric material for capacitor devices, such as metal�insulator�metal capaci-

tors. By using the large difference in etch rate of SiO2 and Si3N4, silicon nitride

can be used as an etch hard mask for oxide dielectric etch processes. By tuning

Table 2.3 The electron dose rates and the associated ultralow-k shrinkage at
the different focus ion beam and transmission electron microscopy beam
illumination conditions (FEI Tecnai F20 TEM at 200 kV).

Spot-1,
CL
aperture
(50 μm)

Spot-3,
CL
aperture
(50 μm)

Spot-6,
CL
aperture
(50 μm)

Largely defocused
diffraction imaging
mode, Spot-9, CL
aperture (30 μm)

Electron dosage (e/A2�s)
at magnification
of 3 97K

1012 278 24 Search mode: 0.0013
Exposure mode: 3

ULK shrinkage (dense
Cu/ULK) (FIB electron
beam view: 2 kV
and 11 pA)

6.8 nm 5.4 nm 3.7 nm 1.8 nm

ULK shrinkage(FIB
electron beam view:
2 kV and 11 pA)

3.3 nm
(dense)

� � B0 nm (both dense
and loose structures)

6.3 nm
(loose)
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the deposition processes and film composition, silicon nitride can be used as ten-

sile stress linear to enhance the carrier mobility of N-channel MOSFET devices

[36,37]. Furthermore, silicon nitride has important applications in nonvolatile

memory (NVM) devices either in the floating gate�based or nitride-based

charge-trapping memory devices, as shown in Fig. 2.23.

In both floating gate�based and nitride-based NVM devices, oxide�nitride�-

oxide (ONO) layers are the indispensable structures. In a typical sili-

con�oxide�nitride�oxide�silicon NVM device, silicon nitride in the ONO

layers is used for charge storage with its intrinsic charging trapping characteris-

tics. While in a typical floating gate�based NVM device, ONO is used as the

interpoly dielectrics for blocking any leakage during the programming and erase

FIGURE 2.21

Transmission electron microscopy (TEM) micrographs of Cu/ultralow-k (k5 2.55) structure

under different imaging conditions: (A) low-kV/low-dose focus ion beam (FIB), TEM Spot-

1, condenser lens (CL) aperture-50 μm; (B) low-kV/low-dose FIB, TEM Spot-3, CL

aperture-50 μm; (C) low-kV/low-dose FIB, TEM Spot-6, and CL aperture-50 μm; and (D)

low-kV/low-dose FIB, largely defocused diffraction imaging with Spot-9, and CL aperture-

30 μm.
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operations. With the high dielectric constant of nitride, ONO also helps to ensure

reliable charge retention in the floating gates and to provide good capacitive cou-

pling of the control gate to the floating gate so as to lower the voltages needed

for read, program and erase operations [38]. Therefore the ONO dielectric layer

plays a crucial role in affecting the performance and the data retention reliability

of NVM devices under harsh programming and erasing conditions. With NVM

continuously scaling down, the thickness of ONO dielectric films is also reduced

to obtain enough storage capacitance. As a consequence, the degradation of the

ONO breakage down characteristics is becoming a critical problem for NVM

FIGURE 2.22

Transmission electron microscopy (TEM) micrographs of Cu/ultralow-k (k5 2.55) structure

under focus ion beam (FIB)/TEM imaging conditions: single-beam FIB, and largely

defocused diffraction imaging with Spot-9, condenser lens aperture-30 μm.

FIGURE 2.23

Typical (A) nitride-based silicon�oxide�nitride�oxide�silicon and (B) floating-gate

nonvolatile memory devices.
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memory devices. In terms of FA of NVM devices, many failure cases are associ-

ated with breakdown or degradation of the ONO dielectric layers, in which the

physical characterization of ONO structure is constantly required in order to

understand if there is any abnormality associated with the ONO film stacks.

Various studies have shown that time-dependent dielectric breakdown characteris-

tics of ONO dielectric film is strongly dependent on the quality and morphology

of nitride film stacks, such as film roughness, thickness uniformity [39�41].

Fig. 2.24A shows the cross-sectional TEM micrograph of a typical NVM cell

with data retention issue, in which abnormal contrast in ONO layers was

observed. Furthermore, EELS mapping analysis revealed that nitride and oxide

layers were fused together, as shown in Fig. 2.24B. Such physical signature well

agreed with the EFA, which showed the current leakage between the floating gate

and control gate. Such fused ONO dielectric film in turn accounted for the failure

of the data retention reliability test of the NVM device.

However, for such PFA by FIB and TEM, we should always be aware of the

electron beam radiation damage to nitride film. Although silicon nitride is not so

sensitive to electron radiation as LK and ULK dielectrics, the radiation damage to

silicon nitride by high-dose electron beam has been reported, such as radiation-

induced hole drilling [42], the changes in luminescence behavior [43] and the

nature of chemical bonding [44]. Figs. 2.25 and 2.26 show microstructure evolu-

tion of nitride process layers under the electron beam radiation damage for a typi-

cal floating-gate NVM device. As shown in Fig. 2.25, under electron beam

current of 2.11 nA, 11.3 minutes electron radiation led to apparent changes in

nitride process layers, that is, the thinning-down of nitride layer in ONO dielectric

layers [marked by the yellow rectangle (white in print version) in Fig. 2.25] and

the interface fusing between different nitride spacer layers [marked by blue rect-

angle (gray in print version) in Fig. 2.25].

FIGURE 2.24

(A) Transmission electron microscopy micrograph of the cross-sectional view of a failed

electrically erasable random access memory (EEPROM) memory cell, showing abnormal

oxide�nitride�oxide (ONO) layers and (B) electron energy loss spectroscopy mapping

revealing the fused nature of the ONO structure.
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Further electron radiation for around 18.3 minutes resulted in the further

thinning-down of the nitride in ONO layers, and the formation of the white-

contrasted pore-like defects in the nitride spacer as indicated by the red arrows

FIGURE 2.25

Transmission electron microscopy micrographs of a typical floating-gate nonvolatile

memory cell after electron beam radiation for different periods of time with beam current

of 2.11 nA at 200 kV: (A) B0 min; (B) 11.3 min; (C) 18.3 min; (D) 23.3 min; (E)

31.8 min; and (F) 45.4 min [45].

© 2018 American Institute of Physics.
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(gray in print version) in Fig. 2.25C. After electron radiation for 45 minutes, the

ONO dielectric layers showed the diffused contrast with barely visible nitride

layer, and the white-contrasted pore defects became larger and formed a continu-

ous bubble-like layer in the middle of the nitride spacer layer. At a larger electron

beam current of 10.31 nA, the electron radiation damage to nitride process layers

became much faster, as shown in Fig. 2.26. A short beam illumination of just

2.7 minutes directly resulted in the contrast blurring of nitride layer in ONO

dielectric layers as indicated in Fig. 2.26B. The pore like started to form after

beam illumination for around 7 minutes, and meanwhile the nitride in ONO was

thinning down and its contrast became invisible as indicated in Fig. 2.26C. After

electron radiation for 11.8 minutes, the ONO layers were completed invisible

with the large and continuous porous-like defects in the middle of the nitride

spacer, as shown in Fig. 2.26D.

FIGURE 2.26

Transmission electron microscope micrographs of a typical floating-gate nonvolatile

memory cell after electron beam radiation for different periods of time with beam current

of 10.31 nA at 200 kV: (A) B0 min; (B) 2.7 min; (C) 7.5 min; and (D) 11.8 min [45].

© 2018 American Institute of Physics.
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Fig. 2.27 shows the radiation time-dependent nitride thickness in ONO dielec-

tric layers. As seen from it, under the electron radiation with the beam currents of

both 2.11 and 10.31 nA, the nitride thinning-down speed showed approximate lin-

ear dependence on the electron beam radiation damage time. Such a linear time

dependence suggests that the nitride thinning-down is a diffusion-controlled pro-

cess [15,46]. The fitting of the experiment data revealed that the nitride thinning-

down speeds were 0.7 and 2.6 nm/min at 2.11 and 10.31 nA, respectively.

To understand the underlying mechanism associated with the electron radia-

tion�induced nitride thinning-down in the ONO structure and the formation of

pore-like defects in the middle of nitride spacer, more detailed analysis is needed.

Under the elastic collision model, according to Eq. (2.1), the maximum

knock-on energy transferred to N and Si atoms (Emax) were estimated and plotted

in Fig. 2.28. At 200 kV, Emax are 15.63 and 31.41 eV for Si and N atoms, respec-

tively. It was reported that the threshold displacement energies of Si and N in sili-

con nitride were around 11�13 and 21�27 eV for Si and N atoms, respectively

[42]. Therefore electron radiation at 200 kV can directly lead to the knock-on

damage with Si and N atoms displaced from nitride film. However, such atomic

displacement damage should be of isotropic nature and would occur globally

across the whole nitride process layers, and thus simple displacement knock-on

damage cannot explain the continuous thinning-down of the nitride layer in ONO

and the appearance of pore-like defects in the middle of nitride spacer layers in

Figs. 2.25 and 2.26. Instead, such nitride thinning-down and the formation of

pore-like defects may be associated with the material diffusion during high-dose

electron beam radiation, which was verified by the results shown in Fig. 2.29. At

the beginning of the beam radiation, ONO dielectric layers were well
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The dependence of nitride layer thickness in oxide�nitride�oxide on the electron beam

illumination time under two different electron beam currents at 200 kV (nitride thinning

speed: 0.7 nm/min at 2.11 nA; 2.6 nm/min at 10.31 nA) [45].

© 2018 American Institute of Physics.
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FIGURE 2.29

Scanning transmission electron microscopy micrographs and electron energy loss

spectroscopy mapping analysis of one nonvolatile memory cell at (A) B0 min beam

radiation; (B) around 7.5 min beam radiation; and (C) 11.8 min beam radiation under

electron beam current of 10.31 nA at 200 kV [45].

© 2018 American Institute of Physics.
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The dependent of Emax, the maximum energy transferred to Si and N atoms on the

acceleration voltage of electron beam [45].
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distinguished, and EELS mapping showed clearly the nitride layer inserted in-

between two layers of oxide layers, as shown in Fig. 2.29A. After electron radia-

tion with the beam current of 10.31 nA for around 7.5 minutes, EELS mapping

and line scan profile in Fig. 2.29B revealed the diffusion of N from nitride layer

and segregated at the interfaces between oxide and the poly-Si layers of the con-

trol gate and floating gate. With electron radiation for 11.8 minutes, severe diffu-

sion of both N and O occurred for which ONO structure was completely

damaged. The nitride layer and two oxide layers were completely mixed with

each other, as shown by the O and N EELS maps in Fig. 2.29C. The results indi-

cated that high-dose electron beam radiation led to not only the knock-on damage,

but also fast diffusion of O and N atoms. Such atomic diffusion behavior well

explained the linear time-dependent thinning-down of nitride in ONO as shown in

Figs. 2.25�2.27, which can be ascribed to the so-called radiation-enhanced diffu-

sion (RED) effects, as widely reported in other materials systems [8�11].

According to the RED theory, the enhanced diffusivity of impurities or host atoms

in crystalline and amorphous materials is directly related to the concentration of

active point defects (vacancies and interstitials) generated by electron and ion

beam radiation. As discussed above, electron beam radiation at 200 kV not only

displaced Si and N atoms by knock-on effects, but also induced strong ionization

effects for which the rapture of chemical bonding in-between Si and N occurred.

With such both knock-on and ionization damage, lots of point defects were gener-

ated, which acted as active diffusion carriers, to promote the diffusion of Si, N,

and O atoms, leading to continuous thinning-down of nitride layer in the ONO

structure.

As far as the formation of pore-like defects in the middle of nitride spacer is

concerned, it was associated with the mass loss induced by electron radiation.

With scanning TEM (STEM) imaging at a high magnification, it was found that

there was additional layer formed along the nitride spacer after electron radiation

for 11.8 minutes, overlapping with the oxide layer outside of the nitride spacer, as

indicated by the red arrows (gray in print version) in Fig. 2.30B. EELS mapping

and spectroscopy analysis [in the area marked by yellow-dotted square (white in

print version)] revealed that this newly formed layer was N-rich (Fig. 2.30C),

which implied the diffusion of N atoms from the nitride spacer with electron radi-

ation. In addition, it is interesting noted that the pore-like defect region formed in

the middle of the spacer was N deficient, indicating the mass loss of N element

after electron radiation for 11.8 minutes, as shown in Fig. 2.30D. Above results

indicated that high-dose electron radiation at 200 kV led to not only atomic diffu-

sion but also the mass loss of N element. Such phenomena might be attributed to

the relatively large thickness of the nitride spacer. On the one hand, electron

radiation�induced RED effects promoted the atomic diffusion of N atoms to both

sides of the nitride spacer. On the other hand, for those N atoms in the middle of

nitride spacer knocked out by electron radiation, they could not timely diffuse out

due to large thickness of nitride spacer. Instead, they condensed together and dif-

fused to the surface and finally evaporated out, leading to the N loss. Such mass
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loss process is similar to halogen loss in halide materials with the formation of

double halogen ion (H-center) by electron radiation [4,5,7].

With above results and discussion, it is clear that high-dose electron radiation

can result in the damage to microstructure and the modification of chemical com-

position of silicon nitride thin films. Therefore we need to be cautious about the

processes of PFA by TEM and the interpretation of the FA results related to sili-

con nitride. Otherwise, electron radiation�induced microstructure and phase

FIGURE 2.30

Scanning transmission electron microscopy micrographs of nitride spacer of one

nonvolatile memory cell at (A) B0 min beam radiation; (B) around 11.8 min beam

radiation; (C); and (D) electron energy loss spectroscopy mapping in the nitride spacer

region after electron radiation for 11.8 min with electron beam current of 10.31 nA at

200 kV [45].

© 2018 American Institute of Physics.
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changes could give some misleading results related to some critical semiconduc-

tor structures such as ONO, as discussed above. To get authentic FA results asso-

ciated with silicon nitride materials, we should take corresponding measures by

using low-dose TEM technique as discussed in Section 2.3. This is crucial for

catching the authentic physical signatures of nitride process layers that are really

correlated with the issues arising from the drift of semiconductor manufacturing

processes by which we can understand the root cause of the electrical and reliabil-

ity failure of the semiconductor devices.

2.5 Impact of electron beam radiation damage during TEM
FA: boron diffusion and segregation induced phase and
microstructure changes in CoFeB material

The CoFeB material has been receiving intensive research efforts since its first

application in magnetic tunneling junction (MTJ) structures reported in 2005 [47].

As a ferromagnetic material, CoFeB is widely used as the magnetic free layer and

reference layer in the MTJ heterojunctions. CoFeB/MgO-based MTJ has been

implemented in commercial MRAM devices. Normally the CoFeB as-deposited

in MTJ is of amorphous phase and thus suitable thermal annealing is needed in

order to obtain high tunneling magnetoresistance ratio at room temperature. After

thermal annealing, amorphous CoFeB will transform to polycrystalline CoxFey
phase with the majority of boron (B) out diffused to the neighboring process

layers in MTJ stacks. Owing to the nanometer or subnanometer thickness of dif-

ferent process layers in MTJ stacks, TEM is essentially required for the PFA of

any abnormality associated with the phase, composition and microstructure of

MTJ film stacks, such as the roughness, uniformity, and crystallinity of thin films,

interfacial material diffusion and segregation, and so on. Quite often it is neces-

sary to perform high-resolution TEM (HRTEM) with spatially resolved elemental

analysis by EELS and EDS. All these TEM analyses involve sample illumination

by highly intensive electron beam or high-dose electron nanoprobe. Therefore

under high-dose electron beam illumination, electron radiation could be a concern

for the material characterization of CoFeB-based MTJ stacks. With the presence

of B in amorphous CoFeB, partially crystallized CoxFy, and some interfacial areas

inside the MTJ stacks, electron beam radiation damage can lead to some unex-

pected diffusion and segregation of these B atoms, leading to some unusual

changes in the phase and microstructures of MTJ film stacks [15].

The thin film stacks used for the electron radiation study was Co60Fe20B20

(25 nm)/SiO2 (240 nm) deposited on Si [110] substrate by physical sputtering pro-

cess. After annealing at 450�C, amorphous CoFeB was transferred to Co3Fe phase

with a thin layer of CoxFeyOz on the surface which was formed due to thermal

oxidation during thermal annealing, as shown in Fig. 2.31A and B.

EELS and secondary ion mass spectrometry analysis revealed B segregation in

both top oxide layer and the bottom Co3Fe/SiO2 interface, as shown by two B
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peaks in EELS line scan profile in Fig. 2.31C. As indicated in Fig. 2.31D, there

existed two distinct B states: (1) B in oxidation state in both top oxide layer

(marked as “top”) and the SiO2 layer (marked as “SiO2-1” in Fig. 2.31D) which

is very close to the Co3Fe/SiO2 interface; (2) metallic B in both Co3Fe bulk film

(marked as “middle” in Fig. 2.31D) and in bottom SiO2 layer (marked as “SiO2-

2” in Fig. 2.31D) which is a bit away from the Co3Fe/SiO2 interface.

The electron beam radiation damage experiments were performed at 300 kV

with the beam currents ranging from 5.88 to 17.7 nA. In situ TEM analysis under

constant dose rates was carried out by recording TEM images for every 1- to 2-

minute interval to examine the phase and microstructure evolution during electron

FIGURE 2.31

(A) Bright-field transmission electron microscope (TEM); (B) high-resolution TEM images;

(C) scanning TEM-EELS line scan profiles; (D) boron EEL spectra at top oxide layer (top,

middle, and bottom of the Co3Fe film); and (E) secondary ion mass spectrometry depth

profile of Co3Fe/SiO2 film after annealing at 450�C [15]. EELS, Electron energy loss

spectroscopy; FIB, focus ion beam.

© 2017 AIP Publishing.
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radiation. With the high-dose electron radiation, unusual phase transformation

was observed in CoFeB thin film, from a polycrystalline Co3Fe to a unilateral

amorphous phase of Co3Fe and then to nanocrystalline FexCo23-xB6 phase.

Fig. 2.32A�F shows the HRTEM images of the sample illuminated with beam

current of 14.4 nA for different periods of time. Under such high-dose beam radi-

ation, unusual unilateral amorphization of Co3Fe film was observed along the

interface of Co3Fe/SiO2. A thin amorphous layer was formed within 1.5 minutes

after beam illumination, as shown in Fig. 2.32A. Further beam illumination led to

the continuous thickening in amorphous layer. It is interesting to find out that pro-

longed beam illumination (18.5 minutes under 14.4 nA) led to the nucleation and

formation of nanograins in the radiation-induced amorphous layer

(Fig. 2.32D�F). Thus two different amorphization stages were identified for all

the radiation experiments as shown in Fig. 2.33A, that is, fast initial unilateral

amorphization stage (Stage-I) followed by a slow amorphization stage accompa-

nying with the nucleation and growth of nanograins in the amorphous layer

(Stage-II). The approximate linear time dependence of amorphous layer thickness

indicates that such amorphization is possibly a diffusion-controlled process [46].

Fig. 2.33B shows the dependence of amorphization speeds of Co3Fe film on the

electron beam currents. Under all the radiation experimental conditions, the amor-

phization in Stage-I was always faster than that in Stage-II. This implies that the

amorphization process in Stage-II might be retarded by the formation of a new

crystalline phase. Moreover, with long-time electron radiation, both Co3Fe and

SiO2 films showed apparent deformation, with hole drilling by electron beam in

SiO2 film. The continuous change in diffraction contrast and Moiré patterns in the

crystalline portion of Co3Fe films (Fig. 2.32F) indicates the microstructure

changes during electron radiation, such as defect formation, materials diffusion,

and microstrain, although HRTEM analysis did not reveal any phase change in

the top crystalline Co3Fe layer.

2.5.1 Stage-I: The electron radiation�induced unilateral
amorphization of Co3Fe thin film

Such unilateral amorphization behavior in Co3Fe thin film could not be explained

neither by the elastic knock-on damage nor by the inelastic ionization induced

radiolysis and beam heating damage at 300 kV. Otherwise, all these kinds of radi-

ation damage would be isotropic and globally occur across the whole Co3Fe thin

film layer rather than the unilateral amorphization behavior as observed.

Fig. 2.34A shows the EELS B maps of Co3Fe/SiO2 film after electron radia-

tion for different periods of time. As shown in Fig. 2.34A, at the beginning of

electron radiation (B0 minute), a thin layer with apparent B segregation was

observed at the bottom of the Co3Fe film along Co3Fe/SiO2 interface. During the

initial amorphization stage (e.g., 0�22 minutes in Stage-I and early Stage-II), the

thickness of this B segregation layer continuously increased with beam
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FIGURE 2.32

HR transmission electron microscopy micrographs of Co3Fe film after beam illumination

for different periods of time (14.4 nA, 300 kV): (A)�(C) continuous unilateral

amorphization of Co3Fe film along Co3Fe/SiO2 interface; (D)�(F) nucleation and grain

growth of nanocrystals in the amorphous layer [15].

© 2017 AIP Publishing.
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illumination, and further radiation led to the disappearance of B segregation at the

bottom of Co3Fe film in late Stage-II amorphization (e.g., 52 minutes in

Fig. 2.34A). While in the top CoxFeyOz layer, there was no significant change in

the B segregation layer thickness even after beam illumination for 52 minutes.

Most importantly, both TEM and STEM analyses indicate that the thickness of B

segregation layer is same as that of amorphous layer induced by electron radia-

tion, as shown by B maps (0�22 minutes) in Fig. 2.34A and B. The fact implies

that the radiation-induced unilateral Co3Fe amorphization was correlated with the

B segregation along Co3Fe/SiO2 interface. This is further verified by EELS line

scan analysis in Fig. 2.34C, in which the B line scan profiles also clearly shows

the continuous increase in the thickness of B segregation layer at the bottom of

Co3Fe film. While for the B segregation in the top CoxFeyOz oxide layer, the line

scan analysis shows somewhat broadened B distribution but essentially no drastic

change is observed in terms of B segregation layer thickness with electron radia-

tion up to 52 minutes. This is consistent with EELS mapping analysis, as shown

in Fig. 2.34A.

Further detailed analysis revealed that B segregation at the bottom of Co3Fe

film arose from the back diffusion of metallic B atoms in the bottom SiO2 layer

[15]. Under electron beam radiation at 300 kV, these B atoms were knocked out

by head-on electron collision, and diffused preferably to Co3Fe thin film layer

due to large B diffusivity in Co/Fe materials than that in SiO2 [48�51]. The driv-

ing force behind the B diffusion was verified to be RED effects [15]. These B

atoms segregated at the Co3Fe film bottom directly resulted in large structural dis-

ordering due to the low solubility of B atoms in CoFe matrix (,1%) [52].

Therefore the unilateral amorphization of Co3Fe film occurred along Co3Fe/SiO2

interface, as shown in Fig. 2.32A�F.
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(A) Time-dependent amorphization of Co3Fe film under electron radiation at 14.4 nA and

300 kV. (B) The dependence of amorphization speed of Co3Fe film on the electron beam

current [15].

© 2017 AIP Publishing.
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2.5.2 Stage-II: The electron radiation�induced recrystallization in
the amorphized Co3Fe thin film

During Stage-II, the electron radiation�induced amorphization of Co3Fe thin film

slowed down, accompanying with the nucleation and growth of FexCo23-xB6 nano-

grains from the amorphous layer, as shown in Figs. 2.32D�F and 2.33. Higher

electron beam current led to earlier nucleation and faster growth of nanograins.

Fig. 2.35A�E shows HRTEM micrographs of the nuclei formation and grain

growth in the amorphous layer of the Co3Fe film at 14.4 nA and 300 kV. It was

found that the nuclei formation was fast and started with a weak diffraction-like

contrast in the amorphous matrix with somewhat short-range ordering evidenced

by weak lattice fringes. The FFT pattern in Fig. 2.35B indicates the formation of

FIGURE 2.34

(A) Energy-filtered transmission electron microscope (TEM)-EELS boron maps; (B)

scanning TEM Z-contrast images; (C) EELS line scan profiles of B and Fe; and (D) B EEL

spectra after beam radiation for different periods of time under beam radiation at 14.4 nA

and 300 kV [15].

© 2017 AIP Publishing.
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two sets of crystalline planes with an angle of 45 degrees in-between them. With

the continuous electron radiation up to B26 minutes, one more set of crystal

plane was formed, as shown in Fig. 2.35C. The streaky diffraction spots in

Fig. 2.35B and C indicated a defective microstructure of the nanograin in the ini-

tial stage.

With further beam illumination to B33 minutes, a well-ordered structure of

the nanograin was formed, and its phase was cubic FexCo232xB6 with a zone axis

along [100], as shown in Fig. 2.35D. The formation of FexCo232xB6 phase was

FIGURE 2.35

(A)�(E) High-resolution transmission electron microscopy images showing the nucleation

and grain growth of FexCo232xB6 nanograins from amorphous Co3Fe layer with the

electron beam radiation at14.4 nA and 300 kV; (F) scanning TEM images and (G) electron

energy loss spectroscopy low-loss spectra of the Co3Fe film collected after radiation for

B52 min; (H) time-dependent grain growth at14.4 nA and 300 kV; and (I)

Johnson�Mehl�Avrami plots, ln[2 ln(12 x)] versus lnt at14.4 nA and 300 kV [15].

© 2017 AIP Publishing.
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also evidenced by the energy shift in the low-loss EEL spectra shown in

Fig. 2.35F and G. The plasmon peak of the FexCo232xB6 phase was centered at

B20.9 eV, around 2.3 eV shift with respect to that of the crystalline Co3Fe phase.

The FexCo232xB6 plasmon energy of B20.9 eV agreed with that of FeB com-

pounds reported by Bratkovsky et al. [53]. The red shift of the Plasmon energy

indicates a lower density of outer shell electrons with the formation Co�Fe�B

chemical bonding compared with the metallic Co3Fe phase.

Further electron radiation resulted in more and more nanograins formed in the

amorphous matrix. Complex phase contrast such as the Moiré fringes were

observed in the FexCo232xB6 nanograins, as is evidenced by the double diffraction

in FFT pattern in Fig. 2.35E. Such Moiré fringes indicated the formation of addi-

tional nanograins overlapping with the initial nanograin. Prolonged electron radia-

tion experiment showed that the initial amorphous layer formed in Stage-I

became fully crystallized with a polycrystalline structure. With the formation of

such fully polycrystalline structure, there was no further amorphization of

FexCo232xB6 and Co3Fe phases even after electron radiation for 3 hours event

with electron beam currents up to 17.7 nA in this study. The results indicated that

the newly formed FexCo232xB6 phase was stable under electron radiation at

300 kV. It has been reported that the displacement threshold energy of Fe in

Fe�B is B226 3 eV, higher than the maximum electron energy transfer (Emax)

of 11.8 eV for Fe at 300 kV as calculated above. Therefore no amorphization of

FexCo232xB6 phase could occur by the radiation-induced knock-on effects. While

for the reason why no further amorphization of Co3Fe film in the final Stage-II, it

could be attributed to electron radiation�induced B redistribution with long-time

electron radiation. As mentioned above, during Stage-I and the initial Stage-II,

radiation-induced RED effects drove fast B diffusion from the bottom SiO2 layer,

leading B segregation at the bottom of Co3Fe film and the unilateral Co3Fe amor-

phization. However, with long-time electron radiation till the late Stage-II, appar-

ent B redistribution occurred, that is, the high concentration of B originally

segregated at the bottom of Co3Fe film gradually diffused around, leading to

overall relatively uniform B distribution throughout the whole film. This was evi-

denced by the EELS mapping and EELS line scan analysis shown in Fig. 2.34A

and C, in which the high concentration of B in the segregation layer started to dif-

fuse out after beam illumination for 52 minutes. On the other hand, the formation

of FexCo232xB6 phase in the amorphous layer may also slow down the amorphi-

zation process of Co3Fe film, by which some B atoms were trapped with the for-

mation of FexCo232xB6 nanograins without further diffusion to the top crystalline

Co3Fe layer. This also helps to explain why the amorphization speed in Stage-II

was slower than that in Stage-I.

To understand the kinetic behaviors of the radiation-induced nanocrystalliza-

tion, we estimated that the maximum temperature induced by the highest beam

current of 17.7 nA was only around 1.1�C in the CoFe film [15], which was too

low to generate any thermal ordering of the amorphous phase. Therefore further

investigation is needed. Fig. 2.35H shows the time-dependent grain growth under
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two different electron beam currents of 7.1 and 14.4 nA. The grain size was esti-

mated based on in situ HRTEM analysis by mapping out the 2D area occupied by

the nanograins in HRTEM images. In terms of conventional thermal annealing

processes, the kinetic isothermal grain growth can be generally described by the

classic empirical model as below [54]:

dn 2 dn0 5KT t2 t0ð Þ (2.5)

where d is the average grain size at time t, d0 is the average grain size at t0, n is

the grain growth exponent, and kT is a kinetic constant. In case of conventional

thermal annealing process, KT can be expressed by:

KT 5K0expð
E

RT
Þ (2.6)

where K0 is a constant, E is the activation energy for grain growth, R is the gas

constant, and T is the annealing temperature. In our radiation experiments, since

there were no significant electron heating effects, KT can be considered as a dose-

rate dependent constant. By fitting the experimental data in Fig. 2.35H with

Eq. (2.5), the as-fitted grain growth exponents n are around 3.37 and 3.47 for the

radiation experiments at 7.1 and 14.4 nA, respectively, close to each other. While

for the kinetic constants KT, the fitted values showed a big difference, around 5.0

for the case of 7.1 nA and 25.7 for the case of 14.4 nA. The close value of the

grain growth exponent n indicated that grain growth in these two radiation experi-

ments followed a similar kinetic process, namely diffusion-controlled grain

growth mechanism with n close to 3 [54]. The large difference in the kinetic con-

stants kT once again implies the dose-rate sensitive grain growth behaviors. With

referring to Eq. (2.5), higher electron dose rate may effectively lower down the

energy barrier for the nucleation and growth of the FexCo232xB6 nanograins dur-

ing the electron radiation.

To further understand the kinetic process of the radiation-induced nanocrystal-

lization of FexCo23-xB6 phase, further analysis was performed by using the well-

known phenomenological Johnson�Mehl�Avrami (JMA) model [55�57]. Based

on the JMA model, the time-dependent phase transformation or grain growth can

be described by Eq. (2.7):

x tð Þ5 12 exp 2 ktnð Þ (2.7)

where x is the volume fraction of crystalline phase in amorphous matrix, t is the

time, k is the kinetic constant which is related to the temperature and activation

energy, and n is the Avrami exponent which is associated with the dimensionality

of crystals and the mechanism of nucleation and grain growth. For the electron

radiation experiments, it was assumed that x(t) to be the ratio of the 2D area occu-

pied by a nanograin at time t to that of the nanograin captured by the final in situ

HRTEM analysis in the experiment. To determine Avrami exponent n, Eq. (2.7)

can be transferred to

ln 2 ln 12 x tð Þð Þ½ �5 lnk1 nlnt (2.8)
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Based on Eq. (2.8), Avrami exponent n can be determined as the slop of

ln 2 ln 12 x tð Þð Þ½ � B lnt plots, which are shown in Fig. 2.35I. The obtained

Avrami exponents are 0.85 and 1.05 for 7.1 nA at 14.4 nA radiation experiments,

respectively. Therefore in both cases, the Avrami constant can be considered as 1.

Such a low value of Avrami constant indicates that surface crystallization is the

dominating kinetic process and the atomic diffusion may involve in the radiation-

induced amorphous to nanocrystallization transformation process [58,59].

In terms of the above discussion, both the classic empirical model and JMA

model reveal the surface crystallization and diffusion-controlled nucleation and

grain growth mechanism behind the radiation-induced FexCo232xB6 nanocrystalli-

zation process. Although it is impossible to directly observe atomic diffusion of

B, Fe, and Co atoms by in situ HRTEM analysis, it is interesting to find out that

the nuclei of the FexCo232xB6 nanograins always first appeared at the interface

between amorphous Co3Fe film and SiO2, as is shown in Fig. 2.32. With continu-

ous electron radiation, the nanograins gradually grew toward to the interface

between crystalline Co3Fe and amorphous CoFeB layers, as is evidenced by the

HRTEM images in Fig. 2.32D�F. The preferable nucleation of FexCo232xB6

nanograins at the interface of amorphous Co3Fe/SiO2 could be the direct evidence

for the surface crystallization kinetics as revealed by JMA model, if we consider

amorphous Co3Fe/SiO2 interface as the surface of amorphous Co3Fe film where

nucleation of FexCo232xB6 nanograins started. While for the atomic diffusion

mechanism, it may be correlated with the RED effects induced by electron radia-

tion. As mentioned earlier, with the RED effects induced by energetic electron

radiation, the point defects as diffusion carrier are constantly generated if the

electron dose rate is above the threshold one. On the other hand, it is well known

that the grain boundaries and phase boundaries are always effective sinks for the

point defects and defect clusters. During electron radiation, there are always cer-

tain amounts of point defects diffusing to the Co3Fe/SiO2 interface and trapped

there. During Stage-I amorphization process, such interface point-defect sinking

effects may not effectively affect RED-assisted B diffusion with large population

of B atoms knocked out from SiO2 layer with electron radiation. While during

Stage-II (amorphization and nanocrystallization), the prolonged electron radiation

resulted in not only the redistribution of B atoms, but also more and more point

defects trapped in Co3Fe/SiO2 interface. With high-concentration of point defects

at Co3Fe/SiO2 interface, the atomic diffusion will be substantially enhanced near

the interface, which we suspected to be the reason accounting for the preferable

nucleation of FexCo232xB6 nanograins at the interface. It has been widely reported

that highly energetic electron irradiation can substantially enhance the atomic dif-

fusivity in the amorphous state even at a low temperature, and in some cases, an

increase of many orders of magnitude was observed [60]. Moreover, as pointed

out by Uberuaga et al., the enhanced diffusion in polycrystalline materials is at

least in part governed by higher defect concentrations at interfaces. Even if the

mobility per defect could be slower, the overall diffusion constant could still be
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faster [61]. With such radiation-enhanced atomic diffusivity and high concentra-

tion of radiation-induced point defect at Co3Fe/SiO2 interface, the local short-

range ordering of Fe, Co, and B atoms becomes possible, favoring the nucleation

and growth of FexCo232xB6 nanograins.

Compared with the several tens of film stacks in commercial MTJ devices, the

CoFeB/SiO2 thin-film stack discussed earlier is definitely much simple and thus

the in situ TEM experimental study on the electron radiation effects is much

more straightforward. However, the electron radiation induced complex physical

and chemical processes occurred in the CoFeB/SiO2 thin film stack could be the

embodiments of the possible similar phase and microstructure changes in the real

MTJ devices during TEM-PFA of MTJ devices. During our TEM FA of MTJ

devices, it was constantly observed that high-dose electron beam led to fast degra-

dation of the contrast between different process layers, and even changes in inter-

facial microstructure and the crystallinity of some process layers in the MTJ

stacks. The underlying reasons may lie in the electron radiation enhanced material

diffusion, namely RED effects. The main culprits are the large amount of B and

its species which were out diffused from CoFeB layers after thermal annealing

and segregated at the nearby interfaces. In addition, some materials used in the

MTJ devices possess high diffusivity, and thus electron radiation readily induces

their diffusion to the neighboring process layers. All these will greatly impact the

authenticity of the TEM PFA results. Therefore to get the native physical failure

signatures of CoFeB-related MTJ devices, it is necessary to take note of the elec-

tron radiation effects when performing TEM analysis. On the one hand, the ana-

lyzer should avoid the unnecessary electron radiation with a high electron dose

during TEM analysis. On the other hand, when performing the analysis requiring

high-dose electron beam such as elemental analysis by EDS and EELS, the whole

analysis processes should be done as fast as possible to minimize the radiation-

induced artificial FA signatures. Some analysis even requires multiple samples in

order to obtain solid TEM FA results. Most importantly, the analyzer should be

always cautious about the results interpretation, and the correlation of TEM PFA

results with those of EFA is the key to understand the real mechanisms behind

the MTJ device failure.

2.6 Conclusion

In this chapter, we discussed the electron beam radiation damage and its impacts

on semiconductor FA by SEM, FIB, and TEM. Although the topic we discussed

focused on semiconductor FA, the phenomena of electron beam radiation damage

and its associated impacts may apply to the characterization and analysis of other

type of electron beam�sensitive materials by electron beam�based analysis tech-

niques. For semiconductor FA, as all we know, the task is to acquire the key
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failure signatures associated with manufacturing processes and device operation.

Hence, to get authentic physical signatures, understanding the beam sensitivity of

the materials in the target structures or devices is essential. With understanding

the nature of materials and physics behind the electron beam radiation damage,

we can take corresponding measures to reduce or minimize the electron beam

radiation damage radiation�induced artificial effects. In general, the technical

solutions include both voltage control and dose control, as well as cryo-SEM/FIB/

TEM imaging techniques, commonly used for the imaging and analysis of biolog-

ical samples, as discussed in Sections 2.2 and 2.3. For the material characteriza-

tion with intensive electron beam illumination such as TEM analysis at high

magnifications, the high electron dose and highly energetic electron beam can

induce the modification of microstructure, phase and composition of the materi-

als. Depending on the physical and chemical nature of the materials and analytical

conditions, such electron beam radiation damage may occur fast or advance grad-

ually, and sometimes even almost invisible when electron dose is relatively low,

just like silicon nitride and CoFeB materials as discussed in Sections 2.4 and 2.5.

To deal with such gradual radiation-induced material damage, as microscopists

and material scientists, we need to have a good understanding of physical and

chemical properties of materials to be analyzed, and keep aware of any appreci-

able microstructural changes during TEM analysis. Only in this way can the ana-

lytical results be really native and authentic.
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3Failure of intermetallic
solder ball due to stress
shielding and amplification
effects

E.P. Ooi1, R. Daud1, N.A.M. Amin1, M.S. Abdul Majid1, M. Afendi1, A. Mohamad1

and A.K. Ariffin2
1Fracture and Damage Mechanic Research Group, School of Mechatronic Engineering,

Universiti Malaysia Perlis, Arau, Malaysia
2Faculty of Engineering and Built Environment, Universiti Kebangsaan Malaysia, Bangi,

Malaysia

3.1 Introduction
One of the major factors causing microelectronic products failure is solder joint

fracture due to thermomechanical stress. Recently, many of the intermetallic com-

pounds (IMCs) have been found to grow on the interface between the pad and the

solder material [1]. The brittle property of IMCs causes the strong stress concen-

tration effect during the mechanical impacts [1�13] and thermal cycles [14,15].

The cracks were found to initiate and propagate near the IMC layers. Thus the

presence of IMC has greatly influenced the solder joints reliability and many

studies [1�4,6,7,11�15] were based on it. There are few other factors that influ-

ence the fracture toughness of solder joint, such as solder joint thickness and

crack location related to an interface of the solder joint. Alam et al. [2] have

showed that the stress intensity factors (SIFs) (e.g., KI and KII) increase with the

thickness of solder alloys at the loading rate of 0.8 MPa/s for the crack located at

the middle of IMC layer. Alam et al. [2] also highlighted that the nearer the crack

location to the interface, the higher will be the SIF values (both KI and KII). KII

increases to a very high value that could lead to a very unstable crack due to its

higher creep resistance. Thus the simulation result proves that the crack near the

interface always has more tendencies to propagate.

Nadimpalli and Spelt[3] highlighted the effect of geometry on the fracture

behavior of solder joints by changing the thickness of lead-free solder joints, there

was no effect on the initiation strain energy release rate, Gci, if the solder length

is short.

Li et al. [16] found that a smaller grain size is beneficial to the generation of

voids at the Cu3Sn/Cu interface, because there are much more diffusion paths to
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facilitate the effective vacancies through grain boundary to coalesce to form

voids. Therefore more voids will be formed as the solder joint is being heated by

electrical concentric stress during the operation of electronic devices. Liang et al.

[17] developed a diffuse interface model of solder joint to simulate the effect of

an electric field on the morphological evolution migration behavior of the micro-

void in the solder which causes migration of the microvoid in the Sn/Cu solder

interface. He also found that the migration velocity of the microvoid increases

directly with the voltage but inversely proportional to the size of the microvoid.

The studies also noticed that a small microvoid can combine with an adjacent big

microvoid, and merge to form a larger microvoid, which may lead to an open-

circuit failure near the solder/Cu interface. The coupled effect of surface diffusion

and electric field revealed that the coalescence of microvoids driven only by sur-

face energy occurs when the microvoids contact with one another.

Most of the simulation models and calculations were used based on a single

crack [2] and less interest were put on multiple crack behaviors. Therefore more

focus is required on the interaction between multiple cracks in solder ball which

was lately found on the morphology of the IMC grain formed by the electric

stress and reflow heat effect [1,16�21].

This study aims to investigate the effect of the interaction between multiple

edge cracks in solder joint to measure the shielding and amplification effects

based on the stress singularity approach. A finite element (FE) model of two par-

allel edge cracks subjected to shear loading was developed. The effect of crack

length between two parallel edge cracks on the SIF was evaluated. The interaction

between the two colinear cracks was also evaluated. In addition, the effect of

inner crack length and vertical distance were highlighted.

3.2 Methodology

3.2.1 Finite element modeling

3.2.1.1 Finite element modeling based on Brown & Srawley analytical
model

Following the same optimization method as Srawley analytical mathematical

equation, the optimum dimension for a numerical model is obtained from the

modeling process based on Brown & Srawley analytical equation.

According to Brown & Srawley analytical equation, C, the SIF value is calcu-

lated as:

KBS 5Cσ
ffiffiffiffiffiffi
πa

p
(3.3)

C5 1:122 0:23
a

w

� �
1 10:6

a

w

� �2
2 21:7

a

w

� �3
1 30:4

a

w

� �4
(3.4)
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where KBS is the SIF for Brown & Srawley model, C is the single edge correction

factor (constant), σ is the loading applied, a is the crack length, and w is the

width of solder.

An FE test model with geometry height 3.0 mm and width 2.0 mm, and IMC

thickness of 0.010 mm is set up, as shown in Fig. 3.1. A crack with a length of

0.2�1.8 mm is introduced to study the SIF at the crack tip where a tensile stress

σ of 6 MPa is applied on both upper and bottom surfaces.

3.2.1.2 Finite element solder joint modeling
In order to simulate and characterize the typical solder joint, one solder joint FE

model which was validated with Brown & Srawley analytical equation has been

developed. The FE analysis was conducted using ANSYS Release13. The FE

model involved three types of materials—copper, lead-free tin�silver�copper

(SnAgCu), and IMC. The meshing scheme was set to isoperimetric quadrilateral

elements (PLANE 183) with Barsoum singularity element around the crack tip.

Table 3.1 shows the material properties of solder joints. Copper and IMC layer

are isotropic linear elastic materials, while solder matter is a viscoplastic material.

This analysis is based on static loading without applying loading rate and thermal

effect. A crack is introduced at the left middle edge of the IMC layer in order to

measure the SIF at its crack tip.

W = 2.0 mm

3.0 mm

Crack length, a
IMC thickness Barsoum singularity 

element

FIGURE 3.1

Finite element model on Brown & Srawley analytical equation. IMC, Intermetallic

compound.
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According to Alam et al. [2], the critical value for fracture toughness (KIC) of

Cu6Sn5 was in the range of 1.4�3 MPaOm. For this study, KIC5 1.4 MPaOm is

selected which would propagate crack when the KI is more than KIC.

3.2.1.3 Multiple cracks analysis on solder joint behavior—parallel edge
cracks

The first study investigates the effect of vertical distance between the two parallel

cracks edge on crack tip fracture SIF. Two parallel (stack) cracks are introduced

to solder joint in the solder bulk area. About 80 MPa shear stresses are applied on

the model to study the effect of distance between two parallel cracks on fracture

parameter (SIF) as it would produce SIF around KIC of the IMC. The geometry

detail is shown in Fig. 3.2. The model height is 3.0 mm, while its copper thick-

ness and solder thickness are set at 1.35 and 0.288 mm, respectively. Its width is

2.0 mm and its IMC thickness is 0.006 mm. Vertical distance between A1 and

copper is set at 0.010 mm, while distance between A1 and A2 is manipulated

from 0.004 to 0.250 mm. The edge crack length A1 is set at 0.012 mm, while

crack length A2 is set at 0.0012 and 0.060 mm so that the simulation is repeated

for difference ratio of A2 to A1 crack length with values 0.1, 0.5, and 1.0.

The experiment is also simulated with a single crack A1 alone and also single

crack A2 only to compare with the parallel cracks. The setup is illustrated in

Fig. 3.2.

3.2.1.4 Multiple cracks analysis on solder joint behavior—coplanar
cracks

Two coplanar cracks interacting with each other for manipulated variables are

described in the following steps:

1. The first study on coplanar cracks behavior is the relationship between SIF

and the horizontal length (x) between the two opposites coplanar crack tips A

and B. About 120 MPa shear stress is applied to top copper edge and fixed at

the bottom copper edge on the opposite side, as shown in Fig. 3.3. Shear

stress of 120 MPa produces SIF at the crack tip around the KIC value of the

IMC. The optimized geometry of the model is described below. The model

Table 3.1 Material properties for the solder joint modeling.

Materials
Elastic modulus,
E (GPa)

Poisson
ratio, v

Intermetallic compound (IMC) 110 0.30
Lead-free solder tin�silver�copper
(SnAgCu)

43 0.30

Leaded solder Sn37Pb Eutectic (SnPb) 35 0.36
Copper (Cu) 129 0.34

74 CHAPTER 3 Failure of intermetallic solder ball



2.0 mm 

Crack length 
A2 = 0.012 mm

3.0 mm

Crack length 
A1 = 0.012 mm

Fixed

Shear 
Stress

Copper (width x thick)
2 mm x 1.35 mm

Copper (width x thick)
2 mm x 1.35 mm

Solder (width x thick)
2 mm x 0.288 mm

IMC (width x thick)
2 mm x 0.006 mm

Vertical 
distance 
between crack 
tip A1 and A2

Crack tip A2

Crack tip A1

FIGURE 3.2

Finite element model validated with Brown & Srawley analytical equation for two parallel crack length studies. IMC, Intermetallic compound.



height is 3.0 mm, while its copper thickness and solder thickness is set at 1.35

and 0.3 mm, respectively. Its width is 2.0 mm and the edge crack length A1 is

set at 0.012 mm, while crack length A2 is set at 0.025 mm. The IMC

thickness is a total of 0.010 mm plus the vertical distance between A and B

crack tips. The vertical distance between A1 and copper is set at 0.005 mm,

while the vertical distance (y) between A and B is 0.0026 mm. The horizontal

distance between A and B (x) is manipulated from 0.0035 to 0.005, 0.008,

0.010, 0.015, 0.020, 0.050, 0.080, 0.100, 0.200, 0.250, and 0.400 mm. The

experiment is simulated with single crack A only FE model, as well as the

single crack B/C only. The experiment is repeated with a vertical distance (y)

between A and B for 0.005 and 0.020 mm.

2. The second study on coplanar crack’s behavior is the relationship between SIF of

the two closed coplanar crack tips A, B, C, and the vertical distance (y) between

them. About 120 MPa shear stress is applied to the top copper edge and fixed at

the bottom copper edge on the opposite side, as shown in Fig. 3.3. The optimized

geometry of the model is list below. The model height is 3.0 mm, while its

copper thickness and solder thickness is set at 1.3374 and 0.3 mm, respectively.

Its width is 2.0 mm and the edge crack length A1 is set at 0.012 mm, while crack

length A2 is set at 0.025 mm. The IMC thickness is 0.0126 mm. The vertical

distance between A1 and copper is set at 0.005 mm while the horizontal distance

(x) between A and B is 0.0035 mm. The vertical distance (y) between A and B is

manipulated from 0.0026 to 0.005, 0.008, 0.010, 0.015, 0.020, 0.030, 0.050,

0.060, 0.0750, and 0.100 mm. The experiment is simulated with single crack A

only FE model, as well as single crack B/C only.

A2

A1 B

Copper

Copper

Solder

IMC

IMCA

C

x

y

Shear 120 MPa

FIGURE 3.3

Finite element model for two coplanar crack tips studies. IMC, Intermetallic compound.
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3.3 Results and discussion

3.3.1 The effect of distance (B) between two parallel
edge cracks

The result of simulation between two edge cracks of the crack length A2/A1 ratio

of 0.1 in a solder joint FE model is shown in Fig. 3.4, where B is the vertical dis-

tance between the two parallel crack tips.

The graphs in Fig. 3.4 show the relationship between SIF of crack points A2

and A1 when the A2 crack length is very small. It is obvious that only the SIF

(stress) at crack tip A2 shows shielding effect while longer crack length A1 does

not have any changes in this interaction. The shielding effective start take place

when the distance between both crack smaller than 0.1 mm and the effect become

larger for a distance less than 0.05 mm. The closer the distance, the greater the

effect. It drops from 0.28 to 0.012 MPaOm at a 4 μm gap.

When the crack length A2 grow to half the size of A1, as shown in Fig. 3.5,

the shielding effect at A2 becomes greater while the effect start to appear at A1

when their distance is less than 40 μm. The stress at A2 reduces about 75% from

0.64 to 0.167 MPaOm when their vertical crack distance is 4 μm between each

other.
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FIGURE 3.4

Stress intensity factor (SIF) at A1 and A2 crack tips against distance between the two

parallel cracks with crack length ratio of A2:A15 0.1.
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For SIF mode 1 stress with A2 crack length to A1 crack length ratio of 0.1

and 0.5, the greater the length of A2 crack, the shielding effect decrease while the

one with smaller crack length, the more protecting effect it has gained.

As for Fig. 3.6, when both crack lengths are of the same size of 0.012 mm,

comparing the single crack and two cracks from the graphs plotted, and the

shielding effect are almost the same for both tips. The SIF at crack tip A1 and A2

reduces when both crack tips are close together (less than 90 μm). The shielding

disappears when both crack tips are more than 90 μm away from each other. On

the other hand, without the presence of A1 crack, SIF at crack tip A2 decreases

with the distance from the IMC layer. The stress at both crack tip A1 and A2

reduces from 0.86 and 0.83 to 0.62 MPaOm when both are very near together at

4 μm. The shielding effect decreases with distance between both crack tips.

In summary, the shielding effect of macrocracks and microcracks becomes

less significant when the distance between them becomes further. The microcrack

tip has more shielding effect.

3.3.2 Multiple crack analysis—coplanar cracks

3.3.2.1 The effect of horizontal (x) distance between the coplanar crack
tips

From the graph in Figs. 3.7�3.9, it is clearly seen that when the two-coplanar

crack tips are nearer to each other (crack tips A and B) with the distance less than

0
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KIA1(A2/A1=0.1)(MPa√m)single crack
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IMC
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FIGURE 3.5

Stress intensity factor (SIF) at A1 and A2 crack tips against distance between the two

parallel cracks with crack length ratio of A2:A15 0.5.
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0.040 mm, their SIF value increase exponentially and show amplification effect.

This contributes to the propagation on both crack tips and makes them merge

together. As a result, a longer crack length is produced and causes greater stress

(SIF value) to further propagate the cracks.

For more detail in edge crack, graph in Fig. 3.7 shows that the edge crack

which produce crack tip A, the SIF value increase exponentially from

1.0 MPaOm at a horizontal distance (x) 0.040 mm between both the crack tip to

1.93 MPaOm when the horizontal distance (x) become very closed at 0.0026 mm.

Its SIF remains around 1.018�1.026 MPaOm if there is no coplanar crack or

inner crack near it for the distance less than 0.004 mm. The coplanar inner crack

gives a very minor effect to the edge crack tip for a distance more than 0.040 mm

and no effect at all for the distance of 0.200 mm onward.

As for crack tip B of inner crack, at 0.040 mm distance between the two

coplanar crack tips, the SIF value is 0.41 MPaOm. It increases drastically to

2.0 MPaOm when the distance becomes nearer to each other at 0.0035 mm. This

amplification effect can be seen in Fig. 3.7 when compare the graph of KI at

crack tip B with the dotted line of KI at B (single crack) which is only inner crack

and no edge crack.

For crack tip C which is 0.025 mm further from crack tip B, the effect is less.

It shows a significant effect when it is very close to the edge crack tip, which is

less than 0.010 mm between the crack tips A and B.
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FIGURE 3.6

Stress intensity factor (SIF) at A1 and A2 crack tips against distance between the two

parallel cracks with crack length ratio of A2:A15 1.0.
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As for Figs. 3.8 and 3.9, it can be seen that when the vertical distance (y)

between crack tips A and B is further apart, the amplification effect become less.

3.3.2.2 The effect of horizontal (y) distance between the coplanar crack
tips

When analyzing the graph in Fig. 3.10 on the effect of y-distance between the

two coplanar crack tips, it shows that the amplification effect only start to take

place when the y-distance is smaller than 0.050 mm. For crack tips A and B, the

amplification takes effect from the distances 0.050 and 0.04 mm, respectively.

For crack tip C, the effect is less but it affect only from 0.050 mm onward.

As an overall result for the coplanar cracks study, the amplification effect of

coplanar crack tip only take place when the x-distance and y-distance between the

two near crack tips are less than 0.050 mm and increase exponentially with the

decrease in the distance.
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FIGURE 3.7

Stress intensity factor (SIF) against x-distance between two coplanar crack tips for vertical

distance (y) at 0.0026 mm.
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Stress intensity factor (SIF) against x-distance between two coplanar crack tips for vertical

distance (y) at 0.005 mm.
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In summary, the results from numerical models based on single crack and

multiple cracks approach have given a promising output to the solder joint frac-

ture analysis study. The single crack approach has confirmed the solder joint frac-

ture behavior found in many studies. Finally, the multiple crack interaction has

provided a further detailed description of the failure mechanism found by many

researchers in their investigations in IMC layer.

3.4 Conclusion

This simulation study has showed the characterization of the solder joint based on

the multiple crack approach.

1. The ratio of crack length between the two parallel edge cracks giving

significant remarks to the interaction.

a. The one that having longer crack length will bear more stress than the one

having the shorter crack length, whereas the shorter crack length crack tip

will receive protection from the longer crack tip. When related to the

single crack behavior on crack length, it is tally that the longer crack
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Stress intensity factor (SIF) versus vertical distance (y) between two coplanar crack tips

for x-distance 0.0035 mm.
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length receives greater stress. Nevertheless, the presence of one nearer

parallel crack will result in a shielding effect.

b. Multiple cracks interaction between two parallel cracks shows that the

fracture stress reduces when they are approaching each other and provide

shielding effect.

2. The simulation of horizontal and vertical distance between the two coplanar

cracks has showed that the amplification effect of coplanar crack tips only

take place when the x-distance and y-distance between the two near crack tips

are very close together (less than 0.050 mm) and increase greatly with the

decrease of the distance. The SIF becomes double when both tips are very

close together [horizontal (x) distance # 3.5 μm and vertical (y) distance

# 2.6 μm].

In conclusion, the results from numerical models based on single crack and

multiple cracks approach have given a promising output to the solder joint frac-

ture analysis study. It has been found in many studies that the single crack

approach has confirmed the solder joint fracture behavior. Finally, the multiple

crack interaction has provided a further detailed description on failure mechanism

found by many researchers in their investigation in the IMC layer. More works

are recommended in the multiple cracks behavior.
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CHAPTER

4Assessment of failure of
consumer electronics due
to indoor corrosion in
subtropical climates

Armando Ortiz, Vı́ctor Hugo Jacobo and Rafael Schouwenaars
Departamento de materiales y manufactura, Facultad de ingenierı́a, Edificio O, Universidad

Nacional Autónoma de México, Coyoacán, Ciudad de México, México

4.1 Introduction
Indoor corrosion is generally considered as a specific case of atmospheric corro-

sion and has been studied for many decades [1]. Most of the studies have focused

on the effect of controlled atmospheres in moderate climates with atmospheric

pollution within certain health-related limits imposed by authorities. This corre-

sponds to the general situation in Europe, the United States, and Canada. These

regions have also been historically the main markets for consumer electronics. In

general, the studies conclude that indoor corrosion is a mild form of normal atmo-

spheric corrosion [2�8]. The main explanation for this is that the indoor atmo-

sphere is much more controlled compared with outdoor, limiting temperature

effects, and variations of humidity. This difference has been found to be negligi-

ble in the case of silver and extreme in the case of steel [2,3,9]. It was reminded

by Rice et al. [2] that the corrosion kinetics and mechanisms are not necessarily

the same between the outdoors and indoors.

More recently, several studies have described the corrosion conditions in the

Caribbean zone [9�12]. It was indicated that corrosion mechanisms and velocities

are different in this region and that the differences between indoor and outdoor

corrosion are much smaller. Dew is the predominant factor replaces rain plays a

major role in determining time of wetness. It was found that the ISO9223 [13]

classification of atmospheric corrosivity did not apply to coastal subtropical cli-

mates, and the generation of class VI corrosivity was suggested. Studies on mate-

rials under indoor conditions were tested at the seafront, corrosion in tropical

climates was even more extreme due to the influence of saline water spray carried

by the wind [14�16]. Also in Baja California, which has a desert climate, very

specific climate conditions could be found to accelerate corrosion in an extreme

manner [17]. Such extreme conditions should, however, not be used to draw con-

clusions on tropical indoor corrosion and were not included in the present work.
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Conditions on the east coast of Mexico are found to be very similar [10,18] to

that of the ones determined in Cuba. Studies in New Zealand [19], Argentina

[20,21], and Colombia [22,23] also indicate a strong effect of temperature and

humidity, while studies in the Canary Islands [24] and Baja California [25�27],

with coastal conditions but arid climate discover strong but not extreme corrosion

conditions. These studies have clearly shown that even if common features exist

in both indoor and outdoor atmospheric corrosion, a good knowledge of the local

environmental conditions is needed to explain the both phenomena and atmo-

spheric pollution, which is different at each site, will affect the specific corrosion

mechanisms and products.

Most of the cited references conducted research on standard coupons exposed

in racks for outdoor conditions. The tests for indoor conditions are more varied.

An easy and direct comparison is obtained by enclosing the specimens in some

ventilated container at the same site as the outdoor racks [8,9]. These studies

conclude that dew is at least as aggressive as rain. Other studies measure stan-

dard coupons inside the installations of interest [2,6]. Some researchers have

reported on the damage observed in real electronic components after damage or

malfunction was detected in the systems [28,29]. Advanced analysis of corrosion

products generally involves refined instrumental methods. Most of these methods

are not really quantitative, with the exception of the gravimetric method, which

is not very specific in relation to the specific products formed on the corroded

surfaces. The results of these methods are easy to interpret when the corrosion

mechanisms of the corresponding metals are well known, as is the case for steel

[24,30].

A complicating factor in the study of atmospheric corrosion is the huge variety

of corrosion products that can be formed on a single pure metal species under dif-

ferent conditions. Another important problem is the determination of the pollu-

tants involved at any test site and their mutual interactions. Besides the principal

pollutants SO2 and Cl2, other pollutants such as oxides of nitrogen (NOx), O3,

H2S (or reduced S in general), CO2, and NH3 were also mentioned. Monitoring

all these species on site in general would mean heavy investment in instruments.

This has led some researchers to develop laboratory tests simulating the effects of

indoor corrosion [3,5,6,31�34]. These tests give excellent results with respect to

the interactions of a limited number of gases but do not take into account that par-

ticulate matter forms a major source of pollutants rather than gases [6,29].

Airborne salinity also plays an important role, even at relatively large distances

from the coast [19,24].

The complexity of atmospheric and indoor corrosion makes a fast prediction

of the expected damage difficult in regions that have not previously been studied.

Nevertheless, such fast assessment was needed for the producer of telephone sets

for domestic use in Mexico. It had been found that an abnormal number of sets

failed during the warranty period. In spite of the increasing use of wireless com-

munication, each landline still is installed with a fixed telephone, so the high fail-

ure frequency involved a considerable financial risk.
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The time available to respond to this problem excluded the execution of stan-

dard field tests, which may require several years, or the design of an accelerated

laboratory test, which would require detailed knowledge of the local climatic and

atmospheric conditions. Instead, failed telephone sets from three zones in Mexico

were collected and analyzed. This led to limited sets of samples that had been

exposed to uncontrolled but realistic indoor conditions. The advantages and lim-

itations of this approach will be discussed. It will be indicated how the method

allowed reaching some preliminary conclusions on corrosivity of atmospheres in

Mexico and the main pollutants involved in the indoor corrosion of electronic

materials under nonstandard conditions. This will permit formulating some simple

rules that can help designing corrosion-resistant systems for tropical and subtropi-

cal zones.

4.2 Methods
Three telephones were investigated from each of three different regions in the

Republic of Mexico. The first zone was Mexico City, situated at an altitude of

2200 m above sea level, about 400 km of both the Pacific and the Atlantic oceans.

The city was once considered the most polluted on earth, but now has ceded this

honor to the Asian megacities. The climate is moderate with night humidity rais-

ing to high levels only half of the year. The second zone where telephones were

collected was Cocoyoc, a small rural town in the sugarcane region of the state of

Morelos. It is situated at a height of 1500 m above sea level and separated from

the metropolitan area of Mexico by mountains ranging between 3000 and

3900 m. The climate is similar, except for the temperature, which is about 8�C
higher due to the difference in altitude. Humidity is somewhat higher as well. No

atmospheric pollution data are available for this region, but it may be assumed

that the mountains separating it from Mexico City form a reasonably efficient bar-

rier against pollution. The third zone, selected due to known problems in tele-

phone sets, was the city of Tampico on the Mexican Gulf coast. This place is

characterized by a hot and humid climate (maximum temperature around 40�C).
At night, the condensation of humidity is significant all year round. Tampico is

also the center of Mexico’s oil industry for the northern half of the Gulf Coast,

resulting in high (if unknown) amounts of sulfur oxides. It is subject to a strong

coastal influence with periodic strong winds both in “winter” and in the fall hurri-

cane season.

All telephones included in the study were the same model, but some were of

older generations’ model. Even if they are nominally equal, small changes in

design and component selection were found, most noticeably in the Tampico

zone, as these specimens were returned for malfunctions after 12, 14, and 15

months. The other sets were all between 6 and 9 years old. All telephones were

retrieved from normal middle-class houses, except for one from Cocoyoc that had
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stood in a restaurant for 9 years and one from Mexico City that had functioned

for 6 years in a nonconditioned office space. The study followed the general

scheme of a failure analysis. First, the history of the equipment was tracked, as

well as the possible and all essential functions were tested. The systems were

then opened, and the connections, the printed circuit boards (PCBs), and the hand-

sets were inspected visually. All parts were photographed in detail. They were

then exhaustively researched by stereomicroscopy at magnifications of 12�323 .

Next, the samples were taken apart and investigated in a Philips XL20 scanning

electron microscope (SEM) equipped with an energy dispersive X-ray spectrome-

ter (EDS) for chemical analysis.

A word of caution must be added concerning the SEM for the analysis of cor-

rosion products. SEM has the advantage that small amounts of salts and oxides

can easily be found using the backscattered electron detector, as they appear dark

due the lower atomic weight of O, S, N, and Cl compared with the pure metal.

Complemented with EDS, the pollutants that cause corrosion are easily identified.

This analysis is not quantitative for O and N. In X-ray detectors with a beryllium

window, the nitrogen radiation is almost completely absorbed. Oxygen and nitro-

gen radiation is strongly adsorbed by the matrix. Neither ZAF (ZAF, in EDS anal-

ysis represent a composition correction factor by the mean atomic number of the

sample (Z- atomic number correction or generation factor), the absorption of gen-

erated X rays as they exit the sample (A- absorption correction), and the genera-

tion of secondary fluorescent X rays (F-fluorescent correction). ZAF is a usual

correction algorithms used en analysis by EDS) nor φρZ—correction algorithms

account for these effects in light elements [35]. Corrosion products are often het-

erogeneous or porous and this compromises quantitative analysis too. As a conse-

quence, the results presented in this chapter are qualitative and permitting to

distinguish the importance of each of the pollutants in the process but without the

ambition of determining the exact composition of any of the corrosion products

observed.

To facilitate the interpretation of the data and to allow the comparison of cor-

rosion phenomena in different samples, damage charts were designed for the

main components of the telephones. These charts consist of a schematic drawing

of the parts, indicating the location and type of all representative electronic com-

ponents present on it. Five degrees of severity of atmospheric influences are then

defined (Table 4.1) and mapped as five gray levels on the chart. The damage

charts are linked to a damage database containing detailed photographs, SEM

images, and EDS analysis of the corresponding phenomena.

4.3 Damage analysis
The main component of a telephone is the PCB, on which integrated circuits

(ICs), resistors, and capacitors are soldered. All these components consist of a

90 CHAPTER 4 Assessment of failure of consumer electronics



polymeric package containing the component and the connecting wires, which are

tin-plated without exception. Connectors and switches that must be accessible to

the outside occupy a small portion of the PCB. In these components, a wide vari-

ety of materials are found, from tin-plated connecting wires for soldering to

gold- and nickel-plated contact wires. Silver and brass are common, and in one

occasion bronze was found in switches. Exposed copper was not observed in any

of the systems. Housings for switches and contacts mostly consist of polymers or

chromated steel. Brass and silver are used in buzzers and can also be found in a

variety of components in the handset. In the newest models, the PCB also con-

tains a flat battery that provides a fixed potential to the digital memory. This was

the case for the Tampico sets only. One particular part in the telephone design

studied is the presence of a galvanized steel sheet at the bottom. This is an easy

and very cheap solution to avoid electronic noise and interference by other elec-

trical applications by acting as a Faraday cage. This sheet is not connected to the

PCB or to the earth.

The tin plating and soldering metal were corrosion resistant in all the analyzed

parts. Tin is known to passivate easily [36]. Chlorine is the only common pollut-

ant that provokes corrosion in this material, but even then the corrosion products

only form a thin film on the surface. This film limits the solderability of individ-

ual components but is unimportant once the parts are mounted. A fairly large

amount of resistors, capacitors, and ICs were revised, but no significant corrosion

could be detected. These components will not be discussed any further.

Damage charts are useful if corrosion affects the entire system. If only a lim-

ited number of components are affected, the damage chart gives additional infor-

mation. An example of their use is shown for the three Tampico samples

(Fig. 4.1). The charts show the lower side of the PCB, which contains the major-

ity of components. Corresponding charts for the galvanized sheet and the upside

of the PCB are not presented but show a high degree of coincidence with respect

to the location and intensity of the corrosion phenomena. The three samples were

returned to the telephone company due to their failure, but sets 1 and 2 showed

Table 4.1 Damage levels as observed in the stereomicroscope at 323 .

1 Very light deposit of electrolytic solutions or salts without signs of corrosion.
2 Notable deposit of electrolytic solution or salts without signs of corrosion.
3 Initiating general corrosion or localized spots of corrosion products.
4 Clear and advanced general corrosion or generalized pitting with abundant corrosion

products.
5 Advanced general corrosion, pitting or stress corrosion cracking threatening or

affecting component integrity.

Levels of atmospheric influence on the components of electronic equipment as defined for the present
study. Levels 1 and 2 do not represent significant corrosion, but are useful to predict the future risk for
corrosion in systems that have not failed yet. Levels 3�5 indicate different degrees of corrosion, level
5 indicating imminent failure.
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FIGURE 4.1

Damage charts for the three telephones from Tampico. The damage scale is indicated in Table 4.1. Components referred to in the text are

SW1, SW2, and SW3 (switches), CMOS battery and CNT1 and CNT2 (contacts consisting of nickel-plated copper wires with a partial gold

overcoating in a polyvinyl chloride casing).



no defects when tested in the laboratory. Set 1 did not show signs of corrosion;

set 2 showed some localized effects and fairly strong corrosion on the battery and

its clip, as well as some pits perforating the plating of the galvanized sheet. Set 3

showed advanced corrosion of the galvanized sheet, the battery, and of the battery

clip. Abundant deposits of iron oxide on large portions of the PCB and the galva-

nized sheet originally led to the hypothesis that this was not the result of atmo-

spheric corrosion but it was because of that liquid poured over the telephone. The

comparison of the three charts shows this was not the case. Salt deposits are

found on all three PCBs at exactly the same location. In sets 2 and 3, these start

to affect the substrate of the PCB. Salts were also found around the switches and

the contacts. Deposits are present on the contact wires (CNT1 and CNT2) and

incipient corrosion of these components is seen in set 2. Limited corrosion was

found at SW3 for set 2 and is observed on all switches in set 3. The clip of the

battery is strongly affected in set 2 and was broken in set 3. The galvanized sheet

underneath the clip showed pitting due to the perforation of its chrome-plated

zinc coating in set 2 and was heavily corroded in set 3. The carbon steel under-

neath the coating was the source of the iron oxides.

The coincidence between the three damage charts demonstrates that the same

process is observed to varying degrees in the three cases. The tropical climate

causes abundant condensation on certain portions of the PCB. Combined with

atmospheric pollutants and dissolved metal ions, an electrolyte is formed that can

cause failure due to leak currents or short circuits, even if corrosion cannot yet be

detected (set 1). Incipient corrosion per se does not mean failure, as was shown in

set 2, which worked fine once transported to the dryer climate of Mexico City.

This shows a first problem for consumer electronics in humid tropical climates.

The condensation of water during the nighttime cooling cycle is sufficient to

cause failure. The contamination of the atmosphere is important, as it enhances

the conductivity of the electrolyte.

The different corrosion phenomena observed were the result of small but

important design details. The most prominent damage was observed in the clip of

the battery and the underlying galvanized sheet. The geometry of the affected

zone is sketched in Fig. 4.2. The battery is made of stainless steel. The clip is car-

bon steel coated with tin. The housing is black polyvinyl chloride (PVC). In the

original design of the clip, it was bent downward. Just underneath this point, pit-

ting was observed with strong undercoat corrosion in the galvanized sheet for set

2. Zinc is a sacrificial coating with respect to steel. Tin, on the other hand is

nobler than steel, zinc, and chromium. Corrosion starts when drops form on the

metal surface of the battery and clip. These drip onto the galvanized sheet. When

the electrolyte layer on the sheet becomes sufficiently thick and drops keep accu-

mulating, contact is made between the clip and the sheet. Galvanic corrosion

quickly perforates the chromium and zinc coating and the undercoat corrosion of

the steel initiates.

In sets 2 and 3, incipient pitting corrosion of the stainless steel casing of the

battery was observed. This is illustrated in Fig. 4.3. A pattern of concentric rings
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is formed around a central pit. Whether the location of this pit is determined by

some microstructural feature or by the deposition of an airborne dust particle can-

not be discerned from the observations. Chemical mapping shows that the rings

consist mainly of Nickel, which is the noblest of the three metals making up the

FIGURE 4.2

Original design of the battery holder with a bent clip (left). The curvature of the clip

provides a dripping point and is too close to the galvanized sheet, causing galvanic

corrosion between the chromium overcoating of the sheet and the tin coating of the clip.

The corrected design (right) eliminates the dripping point and increases the distance

between both metals.

FIGURE 4.3

Corrosion on the stainless steel surface of the battery and the corresponding energy

dispersive X-ray spectrometer maps for Ni, Cr, and Fe. The center of the circles is formed

by pits generated by chlorine salts. The circles are formed by nickel contaminated by Cl

and minor quantities of S.
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stainless steel. The ring pattern is explained as the effect of condensed humidity,

which shrinks and grows due to periodic variation of the atmospheric humidity.

In set 3, also the clip was corroded to failure and the tin coating had disinte-

grated, indicating the presence of substances that are capable of depassivating tin

(Fig. 4.4). Considering that the main contaminant found was S, this points toward

a medium (condensed water) that was considerably acidified. The problem pre-

sented by the battery assembly was improved by a small change in design, elimi-

nating the dripping point and increasing the distance between the clip and the

sheet (Fig. 4.2). It must be noted that the presence of a battery exposed to atmo-

spheric influences always forms a corrosion risk and that hermetic packaging of

the part must be considered preventing the observed problems completely.

Similarly, the switches combine a galvanic cell with a point where water accu-

mulates (Fig. 4.5). Here, a small gap exists between the housing, made from

chromium-plated steel, and the handle of the switch. Electrolytes accumulate eas-

ily in the punched hole of the housing, activating the chromium�steel cell and

causing superficial damage to the housing but not to the interior parts of the

switch. The design solution is easy, as there is no real need to use chromated

parts. Polymers can easily substitute them. It is noteworthy that inside the

FIGURE 4.4

Corrosion of the tin-plated clip which retains the battery. Composition maps for Fe, O, and

Sn are also shown. In order for this process to occur, the Sn-coating of the clip must

either be damaged or depassivated.
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housings, corrosion is much less pronounced than on parts directly exposed to the

atmosphere. This was found to be generally valid, showing that even inside the

telephone, pollution gradients exist and that packaging can prevent corrosion of

sensitive parts, even if it is not hermetic.

A final and important example of galvanic corrosion is the one that is caused

when gold plating is used. Gold, being the most noble metal, will form strong gal-

vanic cells in contact with any other material. It has been seen that undercoating cor-

rosion is a problem with gold on Ni and Cu substrates, as electroplated gold tends to

be porous [6]. Through-the-coating corrosion was found in a partially gold-coated

contact wire with nickel underplating on copper exposed in the Cocoyoc zone

(Fig. 4.6). The corrosion products were formed by chlorine compounds of Ni and Cu

with minor additions of sulfur. Lateral transport of ions through a superficial electro-

lyte layer seemed to generate the damage on a contact shoe made of brass that was

strongly corroded near its contact with a gold-coated wire (Fig. 4.7). Considerable

amounts of copper- and zinc-based corrosion products were deposited on the wire.

They contained chlorine and minor amounts of sulfur, together with significant oxy-

gen, which was not quantified by the applied methods. This confirms the view that

using gold promotes corrosion in electronic equipment rather than preventing it [20].

The role of airborne particulate contaminants is illustrated by the corrosion of

the buzzer of a telephone retrieved from the Cocoyoc zone (Fig. 4.8).

This component contains a circular brass membrane, which is exposed to the

environment. Zinc is selectively dissolved from the alloy and deposited as chlor-

ides with nodular shape. Remarkable is the presence of K in the deposits.

FIGURE 4.5

Corrosion of the housing of a switch. The phenomenon initiates when electrolyte

accumulates in the punched hole of the chromated steel strip, activating the galvanic cell

between the metals.
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FIGURE 4.6

Corrosion products on a Ni-coated copper wire partially overplated with gold in the contact

zones. The deposits are formed by nickel and copper compounds containing significant

amounts of Cl and traces of S.

FIGURE 4.7

Brass contact shoe clipped onto a gold-coated wire. The entire surface is affected by

corrosion, as is shown by the dark zones on the image. Corrosion products contain

chlorine and limited amounts of sulfur.
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In a final note referring to the damage analysis, no significant corrosion pro-

ducts were detected in the three telephones studied in Mexico City. This does not

mean corrosion is nonexistent, but it was not observed in the stereomicroscope or

found to be insignificant. It must also be pointed out that desktop telephones are

relatively simple electronic devices and it cannot be excluded that more refined

systems may be affected to some degree even in Mexico City.

4.4 Discussion
The experimental technique followed only allows analyzing the relative impor-

tance of sulfur and chlorine in the corrosion products. The effect of ozone and

FIGURE 4.8

Dezincification of brass by a chlorine-rich condensate (A). The clear parts of the image

correspond to the Cu-rich phase (energy dispersive X-ray spectrometer (EDS) spectrum in

B) and the darker nodules are highly enriched in Zn (EDS-spectrum in C). K is present

from airborne particulate contaminants.
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nitrogen oxides (NOx) cannot be assessed. The latter have been discussed in vari-

ous studies and their role is all but clear [8,9,29,31,33,36,37]. This lack of conclu-

sion is probably due to the fact that their chemistry is far more complex than is

generally assumed in corrosion studies. Volatile organic components (VOCs) play

an important role in this chemistry. The removal of ozone and NOx from the

atmosphere can happen in the form of nitrous acid in NOx-controlled chemistry

and nighttime processes [38]. If VOCs control the chemistry, ozone and NOx are

removed through the formation of hydrogen peroxide, which is readily absorbed

in the aqueous phase and catalyzes the oxidation of SO22
3 to SO22

4 . Daytime pro-

cesses are intensified by sunlight, so these processes are expected to be more

important in subtropical zones than in moderate climates. For the case of

Tampico, where VOCs predominate, one might suppose that the combination of

night- and daytime processes can cause the especially corrosive mix of sulfuric

and nitric acid in aqueous solution during the evening condensation phase. The

situation for Mexico City is less clear though strong acidification of condensate

layers is highly probable through any of the processes described in [38].

However, the absence of strong corrosion in Mexico City indicates that one of the

necessary conditions is not fulfilled, which is probably the formation of the con-

densation layer on the metallic surfaces.

The relative influence of chlorine and sulfur as corrosive agents is illustrated

in Fig. 4.9. A summary is made of all measurements of corrosion products classi-

fied by alloy. The low values for S and Cl correspond to light corrosion spots, as

a large portion of the EDS-signal comes from the substrate in this case. The high

values correspond to fully developed salt or oxide deposits. It is readily seen that

silver and nickel are mainly affected by sulfur, though strong chlorine presence is

seen in some silver-based corrosion products. Brass is mostly affected by chlo-

rine. The pits formed in the center of the circular corrosion pattern of the batteries

from Tampico (Fig. 4.3) showed high chlorine contents. It must be said, however,

that a clearly determined trend is not observed in the chart. This is because in

very few cases, a single alloy corroded on its own. In almost all cases, macroscale

galvanic cells were present and then, only the presence of a conductive electrolyte

is required and the composition of the contaminating ions is of secondary

importance.

The results for Mexico City are somewhat surprising. It was relatively difficult

to find evidence of corrosion in most parts of the telephones. Silver forms an

exception, as it forms a sulfur-based corrosion layer similar to the one observed

in other zones. Pollution in Mexico City is severe beyond doubt. However, the

main problems are O3, NOx, VOCs, and particulate matter. All these are known

to accelerate corrosion in presence of other pollutants. SO2 is present, while it

may be assumed that Cl plays a minor role. In the industrialized coastal zone of

Tampico, the same pollutants are found, though SO2 levels are probably higher.

Also here, Cl is less important, indicating that the coastal influence is less impor-

tant than the petroleum industry for provoking corrosion. The main difference

between Tampico and Mexico City is humidity. In Tampico, nighttime condensa-

tion is strong enough to cause failure in electronic systems even without
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FIGURE 4.9

Amount of Cl and S detected in the corrosion products found on different alloys in the telephones investigated. The remainder of the

products is made up of metal ions and combinations of oxygen, hydroxyl ions, and nitrates, all of which cannot be quantified by energy

dispersive X-ray spectrometer (the chart on the left is a magnification of the right). The symbol 3 refers to Cocoyoc,1 to Tampico. Ag,

Silver; BS, brass; BZ, bronze; CS, carbon steel; Cu, copper; GS, galvanized steel; Ni, nickel; SS, stainless steel.



corrosion. Such phenomenon is nonexistent in Mexico City. Removal of NOx and

O3 in the form of HNO3 and H2O2 needs the presence of an aqueous phase [30],

so their influence in the Tampico region will be stronger. The accumulation of

SO2 will follow the same logic, with an exception for silver, which is known to

corrode in dry atmospheres [2,3].

Cocoyoc ranks in corrosivity between Mexico and Tampico, and so does the rel-

ative humidity. Nevertheless, the presence of relatively high amounts of sulfur may

seem surprising for a rural zone, while the high levels of chlorine seem abnormal at

350 km from the coast. It was found that the chlorine was accompanied by potas-

sium, not sodium, and soot was abundant on all exposed metal surfaces. This points

to the agricultural practices in the sugarcane industry as the source of corrosive

agents, as the fields are burned before harvesting to remove the leaves from the

canes to facilitate the labor. Another contaminant that was present in higher

amounts than in the other two zones were particles, resulting in the presence of

small amounts of Al, Si, and Ca in the corrosion products. These elements have

been found consistently in any of the corrosion studies executed by the authors in

central Mexico and have their origin in the local geology, where almost all soils

and rocks are created through volcanic processes, although volcanism itself has not

been found to be directly involved in the corrosion phenomena.

Corrosion in Cocoyoc generally concentrated around spots containing particles

or crystallized salts. This is an indication of intermittent, limited condensation on

the surfaces, where pollutants accumulate during the wet phase and crystallized

when drying. The presence of hygroscopic salts or dust particles that serve as inocu-

lants causes condensation to occur at the same spot during every wet�dry cycle.

The former indicates that the connotation that rural zones are unpolluted can-

not be accepted without critical examination. In fact, it was found that rural zones

in Mexico are completely different from those in Sweden or from what is found

at the Canary Islands or in New Zealand [8,19,24]. Similarly, indoor corrosion in

subtropical coastal zones is far more severe than what has been predicted in other

studies, even in areas which are not directly exposed to the salty sea breeze. In

the present study, S is equally important as Cl for the Tampico zone, pointing to

the impact of industry (mainly petroleum in this case) as an influencing factor.

To account for the severity of the environment in tropical and subtropical

regions, it has been proposed [9�11] to add a class VI corrosivity to the existing

ISO9223 norm. The authors do not believe this is justified at this moment. The

present study indicates that the conditions to which equipment may be exposed

are highly variable and dependent on very specific local circumstances. Little

similarities exist to the conditions in the fully industrialized countries with a mod-

erate climate, for which ISO9223 has been designed.

Nevertheless, further study on the topic is fully justified by the fact that more

than half of the world population lives in tropical and subtropical coastal regions.

Pollution in these zones is generally much higher than in the strongly regulated

industrial zones of the classical industrialized countries. Most of these regions

show rapid economic expansion, leading to increasing demand for consumer
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electronics. The results of the present survey are limited, and it is clear that the

variability in atmospheric, economic, and industrial conditions makes an extrapo-

lation difficult. However, it is likely that conditions as the ones encountered in

Tampico can serve as an indication for what can happen in other hot and humid

coastal regions. The Cocoyoc case represents an example of conditions in places

where agricultural practices are significantly different from those in moderate cli-

mate zones. Although the present work focuses on a fairly low-technology appli-

cation, the importance of indoor corrosion is likely to an increase in the future, as

illustrated by recent studies on corrosion in control rooms and data centers

[39,40].

The method used in the present study does not provide information on the

exact nature of the mechanisms involved in subtropical indoor corrosion. One of

the main disadvantages is the lack of quantitative data with respect to the role of

oxygen and nitrogen in the products. A rough assessment of corrosion velocity

can be made only based on the microscopic observation of the amount of dam-

age; the original weight of the components was unknown. However, the method

is fast, as it was not necessary to wait for the results of the exposure tests. Rapid

assessment was a key condition of the present study. It also allowed detecting

problems related to design, which would have been impossible on standard speci-

mens. The present approach is interesting as it relates more closely to the spe-

cific needs of the electronics industry. Existing laboratory tests on standard

coupons are likely to detect only a small fraction of the possible corrosion

problems.

Recommendations to avoid failure of consumer electronics in severe cli-

mates can be formulated based on the observations in this work. It was shown

that almost all cases of severe corrosion can be linked to the presence of gal-

vanic cells. This can be avoided by giving due consideration to materials selec-

tion, which was reflected by the fact that two components with the same

function in different telephones could be made from different materials. It is

evident that the electronic engineers who designed the part were only consider-

ing the price and not the material. Use of nonfunctional plating or additions to

components must be avoided. This was illustrated by the presence of a chrome

plating which caused corrosion problems while it does not comply with any

functional need and enhances costs. A general rule that can be derived from

these observations is that the amount of different materials used in the design

should be kept as low as possible and coatings should be avoided unless abso-

lutely necessary.

Gold and tin plating were clearly associated with corrosion problems as well.

Although gold and tin are corrosion resistant by themselves, they can provoke

strong corrosion to less-noble materials around them, either by direct physical

contact or by the formation of liquid bridges formed by condensation. Also, the

geometry the components is important, as water condensates preferentially on

large metal surfaces and accumulates in small gaps between components.

Dripping points, consisting of downward-bend metal surfaces, must be avoided.
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4.5 Conclusion

The experimental approach followed in the present study is rather unusual, but

allowed for a fast assessment of the main factors involved in the corrosion of con-

sumer electronics in subtropical climates. No standard tests exist for the moment

that would have been able to reach the same results within the strict timeframe

available for the analysis. The method can be considered as an interesting com-

plement in more extensive studies into the same problem.

It was found that indoor corrosion in consumer electronics in subtropical cli-

mates can be far more severe than in moderate climate zones. Higher pollution

levels may play a role, but it was found that humidity and the resulting amounts

of condensation during nighttime cooling are the main factors in the process. This

effect is stronger in zones subject to higher daytime temperatures. Failure in elec-

tronic systems can occur before corrosion causes significant damage.

Under these conditions, design details that are not important in moderate cli-

mates become vital factors. Galvanic cells must be avoided as much as possible,

which means that materials choice should focus on minimizing the number of dif-

ferent alloys used, which may include their substitution by polymers where possi-

ble. Gold provokes galvanic corrosion due to its high electrochemical potential.

Dripping points on large metal surfaces cause the accumulation of corrosive elec-

trolytes and must be eliminated. The use of coatings of any type induces a gal-

vanic cell and should be critically evaluated. Organic coatings may be preferred

instead of classical electroplating.
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CHAPTER

5Pb-free solder—
microstructural, material
reliability, and failure
relationships
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1Stokes Labs, Bernal Institute, University of Limerick, Limerick, Ireland

2Nokia Bell Labs, Murray Hill, NJ, United States

5.1 Introduction
Electronic products such as smart phones, wearable devices, and various

portable gadgets are getting smaller with increasing functionality, enabled by the

development of miniaturized, high density integrated components. Solder joints

play a key role in these products as interconnect materials between components

and printed circuit boards (PCBs), serving both an electrical and mechanical func-

tion. The lifetime of commonly used electronic products greatly depends on the

reliability of these solder joint materials, operating under various loading condi-

tions such as drop impact, vibration, thermal cycling, and high electrical currents.

5.1.1 Development of Pb-free solder alloys

In 2006 the European Union introduced a restriction on hazardous substances

(RoHS) directive that effectively phased out the utilization of SnPb solder in the

electronics industry. Since the legislative driven Pb-free initiative, the establish-

ment of near-eutectic Sn�Ag�Cu (SAC) alloys has marked the beginning of Pb-

free solder alloy development in the electronic packaging industry [1�5].

Second-generation alloys with lower Ag content were introduced to address short-

comings such as poor mechanical shock performance and high cost [2,6,7]. In

response to complex new manufacturing and high reliability requirements, such

as automotive, telecommunication, mission-critical aeronautics, military, and

medical applications, where high operating temperatures, rapid thermal and power

cycles, long dwell in combination with vibration, and mechanical shock are com-

mon, new third generation Pb-free alloys have been developed [8]. Table 5.1 lists

the trade name and nominal compositions of some alloys that will be discussed in

this chapter.
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5.1.2 Failure and microstructure

The combination of thermal fatigue and solder joint creep is considered a major

source of failure of surface-mount components [10]. Accelerated temperature

cycling (ATC) is a widely used reliability evaluation technique that simulta-

neously produces static and strain-induced microstructural evolution in solders,

thereby accelerating fatigue and creep damage mechanisms. The number of cycles

to reach 63.2% failure (N63.2) extracted from Weibull plots is usually accepted

as the indicator of characteristic lifetime. High homologous temperatures associ-

ated with Pb-free solders contribute further to creep with associated recrystalliza-

tion processes further complicating the failure mechanisms. It is well understood

that the mechanical performance of an alloy is determined by its microstructure;

therefore its evolution during ATC is critical. Studies have confirmed that the

creep and fatigue behavior of solder alloys is significantly influenced by micro-

structure, substrate surface finish, mechanical loading, and thermal cycling profile

[11�13]. These studies have been used to predict solder performance in a range

of likely deployment conditions.

As a major component in every SAC solder alloy, Sn, which solidifies as a

β-Sn phase, has a tetragonal unit cell and displays large anisotropies [9]. The

orientations of Sn grains are critical to estimate the thermomechanical behavior of

SAC solder joints. Polarized light microscopy (PLM) is an useful technique to

identify Sn grain morphology after reflow and thermal cycling. As shown in

Fig. 5.1, different crystal orientations result in different colors due to the

Table 5.1 Trade names of alloys and their nominal compositions in wt.% [9].

Solder alloy composition Trade name

Sn�37Pb SnPb
Sn�0.7Cu�0.05Ni1Ge Sn100C
Sn�0.3Ag�0.7Cu SAC0307
Sn�0.3Ag�0.7Cu1 0.09Bi SACX
Sn�1.0Ag�0.5Cu SAC105
Sn�1.0Ag�0.5Cu1 0.03Mn SAC1051Mn
Sn�1.0Ag�0.5Cu1 0.05Ni SAC1051Ni
Sn�1.0Ag�0.7Cu SAC107
Sn�1.7Ag�0.7Cu1 0.4Sb SACi
Sn�2.0Ag�0.5Cu SAC205
Sn�2.0Ag�0.5Cu1 0.05Ni SAC2051Ni
Sn�2.5Ag�0.8Cu�0.5Sb Castin
Sn�3.0Ag�0.5Cu SAC305
Sn�3.8Ag�0.7Cu SAC387
Sn�3.8Ag3�0.7Cu0�3.0Bi�1.4Sb�0.15Ni Innolot
Sn�3.9Ag�0.6Cu SAC396
Sn�4.0Ag�0.5Cu SAC405
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birefringence of Sn. A more powerful technique, electron backscattered diffrac-

tion (EBSD), can tell the orientation of each Sn grain.

As an example, Fig. 5.2 shows the microstructures of SAC�Mn solder joints

from different phases under ATC, indicating the microstructural development.

When the solder joint is cycled to its 20% characteristic life, the microstructural

change is not significant. Upon reaching 50% characteristic life, precipitates in

the upper area adjacent to the component clearly coarsens while a tiny crack

appears in the same region. At this stage, new grains with high angle grain bound-

aries are formed due to recrystallization, enhanced by the thermal strain, as shown

in Fig. 5.3. Subsequently, the fatigue crack propagates along the continuous net-

work of high angle grain boundaries, through the recrystallized area, leading to

the eventual failure, as illustrated in Fig. 5.4.

5.1.3 An overview of the chapter

An improved understanding of failure mechanisms provides insights into how to

enhance the fatigue performance of Pb-free solder joints, in order to better survive

extremes of temperature and strains, thereby allowing deployment in harsher

environments. This chapter will specifically focus on Pb-free solder alloys for

electronic interconnections, describing their microstructural evolution,

FIGURE 5.1

Various Sn grain morphologies [14].
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FIGURE 5.2

Bright-field and PLM images of SAC�Mn solder joints from left to right: (A, E) as reflowed, (B, F) cycled for 20% of characteristic life, (C, G)

cycled for 50% of characteristic life and (D, H) failed [14].



FIGURE 5.3

PLM image and EBSD map of SAC�Mn solder joint after 50% characteristic life [14].



recrystallization and failure mechanisms through crack growth and initiation anal-

ysis. Case studies on thermal fatigue and isothermal mechanical performance of

various Pb-free solders will be reported in order to outline the evolution of these

materials:

• Case study I deals with Pb-doped solder alloys which are a result of

processing mixed assemblies of Pb and Pb-free materials as there has

been a Pb-free exemption from legislation for some high reliability

applications.

• Case study II details the reliability and failure mechanisms associated with the

first- and second-generation totally Pb-free interconnect materials based on the

SAC alloy. Special emphasis has been dedicated to Ag content and the

influence of thermal cycling.

• Case study III outlines the higher reliability applications and the incorporation

of micro-alloy additions to achieve these reliability standards.

• Case study IV looks to the future and the development of low temperature

Sn�Zn-based solder alloys for temperature sensitive applications. The

realization of these alloys has been in conjunction with solder flux

developments that have allowed surface-mount processing of these materials

for the first time. Here, we present preliminary reliability data for these

emerging solder alloys.

FIGURE 5.4

Microstructure of solder joint failed after ATC: (A) PLM, (B) bright field, (C) EBSD map [15].
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5.2 Case study I—Pb-doped solder alloys
For high reliability fields, such as telecommunication, military, aeronautics, and

medical, exemptions were given to producers allowing the Pb-free transition to

proceed at a slower pace. Before full-scale Pb-free implementation, SnPb

manufacturing processes were allowed to continue in tandem with the develop-

ment of high reliability Pb-free alternative approaches. However, the supply chain

is dominated by the high volume consumer electronic market, which has com-

pleted the transition to Pb-free solder assembly. As a result, the adoption of

Pb-free components and materials has become increasingly necessary for high reli-

ability equipment producers, due to the limited availability of SnPb ball grid array

(BGA) components on the market. Using Pb-free SAC components with SnPb

paste, backward compatible soldering offers an alternative to complete a swift

conversion to Pb-free manufacturing. On the other hand, using SnPb components

with Pb-free solder pastes, forward compatibility soldering provides a workaround

for high reliability users to overcome the challenges faced in supply chains.

Substantial work has been carried out by electronic manufacturing industries,

along with academia, some employing ATC, to assess the effect of Pb on the reli-

ability of aforementioned mixed solder assemblies [16�29]. Despite a large num-

ber of experimental inconsistencies, it can be concluded that acceptable solder

joint quality can be achieved with mixed alloy assemblies. Depending on the

package and ATC profiles, the mixed solder fatigue life can be better, equal, or

sometimes worse than that of SnPb or SAC.

When SnPb BGAs are used with SAC305 paste, it is named as “forward com-

patible mixing,” which will be introduced in Section 5.2.1. On the other hand,

Section 5.2.2. will present “backward compatible mixing,” referring to the combi-

nation of SAC305 BGAs and SnPb paste, which is a more common practice due

to the supply chain issue as discussed previously.

5.2.1 Forward compatible mixing

A study by Coyle et al. investigated the thermal fatigue reliability of SAC305

paste/SnPb BGA forward compatible assemblies, using SAC paste/SAC BGA

assemblies and SnPb paste/SnPb BGA assemblies as controls, with a 0/100�C
ATC profile [30]. The Weibull plot in Fig. 5.5 shows that the characteristic life-

time of SAC305 paste/SnPb BGA forward compatible mixed assembly is practi-

cally identical to that of SnPb. This is due to the metallurgical composition of the

forward compatible assembly being equivalent to that of SnPb with only a trace

amount of Ag addition. However, higher Ag content can moderately improve the

thermal fatigue behavior, as in for example Sn36Pb2Ag solder [31]. The forward

compatible mixed cell has a lower slope than the SnPb cell, an indication of

greater sample-to-sample variation which may be attributed to inconsistencies in

mixing that results in local deviations from the eutectic composition.
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FIGURE 5.5

A Weibull plot of a forward compatible mixed assembly and an SnPb assembly [30].



Fig. 5.6 shows the microstructures of a failed forward compatible mixed

assembly and a failed SnPb assembly, which both exhibit typical SnPb fatigue

failure modes, with grain coarsening induced by the combination of strain and

thermal exposure during temperature cycling. The similarity of the failure modes

is consistent with the practically identical characteristic lives.

5.2.2 Backward compatible mixing

The study also investigated the thermal fatigue reliability of an SnPb paste/

SAC305 BGA backward compatible assembly, with both fully mixed and par-

tially mixed assemblies, using multiple dwell times [30].

5.2.2.1 Full mix and partial mix
Fig. 5.7 shows the Weibull plot of mixed, SAC, and SnPb solder joint data at

10- and 30-minute dwell times during 0/100�C ATC (10-minute ramp between

temperature extremes). Overall, the reliability of these mixed solder joints outper-

formed that of SnPb joints by a factor of three. The characteristic lifetime of fully

mixed solder assemblies is only 10%�15% lower than the pure SAC assembly,

which indicates that Pb contamination does not significantly deteriorate the ther-

mal fatigue reliability of SAC solder joints. Meanwhile, the reliability of partially

mixed solder assemblies is comparable to SAC assemblies during 10-minute

dwells, but is 10% higher during 30-minute dwell times.

It was hypothesized that by forming an Sn�Pb�Ag eutectic or an intermetal-

lic compound (IMC), Pb redistribution and segregation at interfaces could acceler-

ate thermal fatigue and therefore decrease the reliability of mixed assemblies

[16,17,32,33]. However, without direct evidence of induced fatigue cracking, Pb

distribution results in defects that lead to mixed mode or nonfatigue failures, but

this is not deemed to represent a long-term reliability risk. Snugovsky et al. sug-

gest that it is the interaction of Pb morphology and solder microstructure which

controls the reliability [34].

As full mixing cannot always be achievable in product manufacturing, it is

essential to understand any possible reliability limitations of partial mixing. It had

FIGURE 5.6

Optical microscope (OM) images of failed SnPb assembly (left) and forward compatible

mixed assembly (right) [30].
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been assumed that a fully mixed system is required for optimum reliability, how-

ever, as shown in Fig. 5.8, this is not the case and partially mixed assemblies in

fact display better reliability than fully mixed assemblies for both 10- and 30-

minute dwells during ATC. Since satisfactory solder joint quality can be attained

with partial mixing assembly, the processing window for mixed alloy assembly is

less constrained during manufacturing. Similar to their Pb-free counterparts, the

characteristic lifetime of both mixed assemblies reduced with longer dwell time.

To be specific, the reliability of mixed alloy assemblies was overestimated by

25% under ATC with the shorter, 10-minute dwell time.

In a fully mixed assembly, the Pb introduced by solder paste distributes ran-

domly but not homogeneously throughout the solder joint during reflow, exten-

sively from PCB pad to BGA pad, as shown in Fig. 5.9. On the other hand, in a

partially mixed assembly, the Pb only distributes in the lower region adjacent to

PCB pad, B60%�90% of the solder joint. The upper region of the partially

mixed assembly does not melt during the surface-mount assembly process and

shows an unmixed microstructure similar to that of a conventional SAC305 solder

joint, as shown in Fig. 5.10.
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FIGURE 5.7

Weibull plots of fully mixed, partially mixed, SAC, and SnPb assemblies at 10-min dwell

(upper) and 30-min dwell (lower) [30].
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FIGURE 5.8

A Weibull plot of fully mixed and partially mixed assembly at 10- and 30-min dwell times [30].



FIGURE 5.9

Optical microscope (OM) images of fully mixed solder joints (left) and partially mixed solder joints (right) [30].



5.2.2.2 Effect of accelerated temperature cycling profile
Regardless of solder alloy composition, surface-mount assembly processing conditions

or ATC profiles, the first failure in BGA components almost always occurs in the outer

most row of the center ball array close to the die edge, due to the higher strains caused

by coefficient of thermal expansion (CTE) mismatches. After 0/100�C ATC with either

10-minute dwell or 30-minute dwell times, as shown in Fig. 5.11, all failed solder

joints display very similar fracture features, consisting of crack branching, recrystalliza-

tion, and cavitation [30], which is in agreement with the report by Dunford et al. [35].

More details can be observed in Fig. 5.12: located at Sn dendrite boundaries and

throughout the solder ball, Pb particles have not interacted with the crack propaga-

tion path, since the fatigue fracture mode of the fully mixed solder joint has not obvi-

ously altered from that of a typical SAC assembly [30]. Combining these

observations with the Weibull data, a conclusion can be drawn that Pb has minimal,

if any, influence on the thermal fatigue reliability of the mixed solder joint assembly.

With higher magnification images shown in Fig. 5.13, bright white Pb parti-

cles can be identified in the upper nonreflowed region, indicating that Pb has

migrated during temperature cycling, from the lower mixed region of the solder

joint into the upper unmixed region adjacent to the interface. However, the Pb

particles are much smaller compared to those in the lower reflowed region or in

the fully mixed assembly. In a 30-minute dwell time ATC, a larger number of

fine Pb particles appear in the upper nonreflowed region, due to increased cumu-

lative time for Pb diffusion at peak temperature.

At the peak temperature of ATC, the Ag3Sn IMC particles coarsen and dimin-

ish the creep resistance of the SAC solder joint, leading to a reduced fatigue reli-

ability. Reliability of a SAC assembly is therefore dwell time dependent as longer

dwell times can boost IMC coarsening, resulting in a reduced thermal fatigue char-

acteristic lifetime. With more Pb particles existing in the critical region, however,

the characteristic lifetimes of partially mixed and SAC assemblies are similar for

longer dwells. It can therefore be assumed that the fatigue reliability is determined

more by SAC microstructure evolution rather than the presence of Pb.

As shown in Fig. 5.14, the 10-minute dwell coarsens the Ag3Sn IMC particles

in all three solder joints, but the partially mixed assembly displays slightly larger

Sn grains with a much wider network of Ag3Sn IMC particles, a microstructure

found to improve thermal fatigue resistance [18,36,37]. The integrity of the

FIGURE 5.10

OM images of partially mixed solder joint (left) and SAC305 solder joint (right) [30].
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FIGURE 5.11

Thermal fatigue failure of fully mixed, partially mixed, and SAC solder joints at 0/100�C ATC with 10-min dwell (left) and 30-min dwell

(right) [30].



Ag3Sn network in the partially mixed assembly has been retained to a large

extent, which could be the reason why it achieves an even higher characteristic

lifetime than the SAC assembly.

Significant coarsening is observed for 30-minute dwell times, and this

diminishes the Ag3Sn network of the SAC solder joint while almost eliminating it

from the fully mixed one. However, the interdendritic Ag3Sn network of partially

mixed solder joint remains more intact than that of the SAC joint. Regardless of

the Pb, the microstructure of the partially mixed assembly is quite similar to that

of SAC, explaining why they display similar characteristic lives.

On the other hand, for the fully mixed solder joint, a dramatic Ag3Sn coarsen-

ing and Sn grain growth is observed for both 10- or 30-minute dwells, and there-

fore, the lifetime consistently ranks the lowest among the three assemblies. It can

be concluded that rather than Pb distribution from the mixed assembly processing,

the thermal fatigue reliability is more dependent on SAC microstructure evolu-

tion, which is strongly influenced by the ATC profile.

5.2.2.3 Effect of Ag content
Collins et al. investigated the thermal fatigue performance of various SAC-based

solder alloys with lead terminations using ATC and 2512 chip resistors, and found

that with a relatively higher Ag content, SAC305, and SAC405 exhibit higher

characteristic lifetimes than SAC105 and SAC205, as shown in Fig. 5.15. It was

concluded that increased Ag content contributed to a refined grain structure which

FIGURE 5.12

Distribution of Pb particles in a fully mixed solder joint after 0/100�C ATC with 10-min

dwell [30].
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FIGURE 5.13

Scanning electron microscope (SEM) images of partially mixed solder alloys failed after ATC with 10-min dwell (left) and 30-min dwell

(right) [30].



FIGURE 5.14

SEM images with lower magnification (left) and higher magnification (right) showing the microstructure evolution of SAC and mixed solder

joints under ATC with different dwell times [30].
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A Weibull plot comparing reliability of SAC105, SAC205, SAC305, and SAC405 assemblies.

Data from the same study as Adapted from M.N. Collins, J. Punch, R. Coyle, M. Reid, R. Popowich, P. Read, et al., Thermal fatigue and failure analysis of SnAgCu solder alloys

with minor Pb additions, IEEE Transact. Components Packaging Manufact. Technol. 1 (2011) 1594�1600 [38].



coarsened at a slower rate under the stresses imposed by the thermal cycling, in

conjunction with a finer distribution of Ag3Sn IMC that seems have had a disper-

sion strengthening effect [38].

As shown in Fig. 5.16, all four SAC alloys showed similar microstructures

that consist of a primary Sn matrix embedded within a combination of darker

FIGURE 5.16

SEM images of as received microstructures of SAC105, SAC205, SAC305, and SAC405 [38].
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Cu-rich Cu6Sn5 and brighter flake-like Ag-rich ε-Ag3Sn IMCs. However, the

volume fraction of the primary Sn phase in SAC305 and SAC405 is lower than

that in SAC105 and SAC205. The higher Ag content in SAC405 facilitates the

primary solidification of more Ag3Sn IMC, leading to the formation of a typical

hypereutectic microstructure containing dispersed fine needle-like IMCs within an

Sn matrix. Larger ε-Ag3Sn IMC plates formed in the SAC405 solder alloy were

found to effectively act as blocks for fatigue crack propagation, thus offering a

strengthening mechanism.

For samples containing Pb terminations, it can be clearly seen that the Pb has

diffused from the terminations into all four solder alloy microstructures, displayed

as dispersed bright particles, evenly distributed throughout the solder joint, accu-

mulating predominantly at grain boundaries. The authors suggest that creep strain

originating from grain-boundary sliding can be affected by Pb precipitates at the

grain boundaries, and strain that originates from dislocation movement within the

grains can be also be influenced by Pb through a solid solution strengthening

effect. Both of these processes contribute to a more creep resistant alloy.

Furthermore, during the thermal cycle, the Pb phase can dissolve at higher temper-

ature and subsequently precipitate at lower temperatures, nucleating at dislocations

and thereby restricting their movement. Nonetheless, the easy recrystallization of

primary Pb may have a negative influence on the reliability of the solder joint.

Fig. 5.17 shows the microstructures of solder joints after 1500 thermal cycles.

A fine crack with multiple fronts has propagated through the joint, with portions

located in the bulk solder and other portions propagated into the intermetallic

layer (IML). Overall, the wide, single path style cracks were observed near the

component side, whereas the shattered appearance was likely to occur near the

Cu pad of the PCB side. Vertical cracking was observed in failures of all four

SAC-based Pb-free solder joints. Cracks appear to propagate alongside the outline

of Cu6Sn5 phases near the PCB pad, as shown in the microstructure of the

SAC105 solder joint. In the crack regions of SAC305 and SAC405 solder joints,

several small voids can be observed, presumably due to IMC formation and inter-

nal stresses which subsequently deform the joint. These small voids were most

often observed at or near the thick IML. Intragranular cracking can also be

observed in the SAC305 and SAC405 solder joints.

Fracture surface microstructures of the SAC105 and SAC205 both at the com-

ponent and PCB interfaces are shown in Fig. 5.18. Fracture surface morphology

observed is quite similar, showing a mixed intergranular and transgranular frac-

ture modes, although the previous SEM images indicate a dominant intergranular

fracture mode. Striations associated with fatigue failures can also be observed.

5.2.3 Lessons learnt from case study I

The study of Coyle et al. above shows that the thermal fatigue performance of for-

ward compatible mixed assemblies are similar to that of SnPb/SnPb. However, all

SAC-based backward compatible mixings outperform their SnPb counterparts and
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can provide acceptable reliability, even with partially mixing. No evidence has been

found that the presence of Pb degrades the reliability of solder joint. On the other

hand, the study of Collins et al. shows that Ag content resulted in increased

reliability due to greater submicron sized Ag3Sn formation. Besides solder alloy and

FIGURE 5.17

SEM images of post-ATC microstructures of SAC105, SAC205, SAC305, and SAC405 [38].
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BGA assembly combinations, ATC profiles (including temperature range and dwell

time) also has a significant impact on solder joint thermal fatigue performance,

and should be taken into consideration when it comes to reliability evaluation.

5.3 Case study II—First- and second-generation
Sn�Ag�Cu solder alloys

As already discussed, thermal fatigue is a major failure mechanism for solder

joints in surface-mount technology, and it is caused by the CTE mismatch

between the component and the PCB [10]. This is of critical importance in many

high reliability applications. Back to the time when RoHS was initially enacted,

near-eutectic SAC with high Ag content was widely considered as the solder alloy

to meet high reliability requirements. For example, Eutectic SAC387 was identi-

fied as the best choice by the European Consortium Brite-Euram in the European

Union, and SAC396 was recommended by the National Electronics

Manufacturing Initiative in the United States [4,39]. However, based on a study

FIGURE 5.18

SEM images of post ATC fracture surfaces for SAC alloys [38].
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with ATC and thermal shock testing of three SAC alloys with .3 wt.% Ag, the

IPC Solder Product Value Council (SPVC), an industry working group consisting

mainly of solder suppliers, decided to adopt the mildly hypoeutectic SAC305 as

Pb-free replacement in the first phase of implementation [40]. SAC305 was also

endorsed by the Japanese Electronics Industry Association (JEITA) [4,39].

Although the study satisfied the ATC requirements for consumer applications, for

many high-reliability end users, it was not comprehensive or rigorous enough to

justify the adoption of SAC305 in their applications.

Before long, several drawbacks of the near-eutectic SAC were revealed by

mainstream volume manufacturing and field experiences in consumer markets,

notably poor mechanical shock performance, along with higher cost than the

SnPb alloy being replaced, and process shortcomings like rapid dissolution of Cu

substrates, shrinkage cracks in fillets due to noneutectic solidification and high

dross rates in wave soldering [9]. Over the following years, however, a number of

Pb-free solder alloys emerged and significant effort has been invested by both

academia and industry to study the reliability of these near-eutectic SAC alloys. It

has been concluded that there is no “drop-in” substitute for SnPb solder and that

alloy choice is application specific.

The poor performance of near-eutectic SAC305 solder alloys under drop

impact loading is associated with its higher strength, modulus, and work harden-

ing, which is attributed to the strengthening effect of Ag. Therefore low Ag alloys

have been developed and implemented, to improve the drop/impact behavior of

solder joints, under dynamic loading conditions. The content of Ag in the alloy

was reduced to around 1 wt.% or less, while maintaining 0.5 wt.% Cu. However,

these low Ag alloys do not display sufficient fatigue resistance to survive the tem-

perature cycling required for high reliability applications, such as desktops and

servers. Nevertheless, mechanical properties and reliability of SAC solders can be

enhanced by means of micro-alloying minor dopants to Sn-based alloys.

The latest news around RoHS exemption renewal for high reliability applica-

tions is scheduled to be announced in late 2017. Uncertainty about whether the

exemptions will be renewed has provided extra emphasis for high reliability elec-

tronic equipment manufacturers to convert to Pb-free solders.

Coyle et al. conducted a detailed study on the thermal fatigue performance of

second-generation Pb-free solder alloys, including SnPb, Sn100C, SAC0307,

SACX, SAC105, SAC1051Mn, SAC1051Ni, SAC107, SACi, SAC205,

SAC2051Ni, SAC305, and SAC405. ATC was imposed in accordance with the

IPC-9701A industry test guideline. Assembled circuit boards were thermally

cycled with a ramp rate of 10�C/min between temperature extremes consisting

240/125�C, 215/125�C, 25/125�C, 240/100�C, and 0/100�C. The hot and cold

dwell times were either 10 or 60 minutes [9]. The following subsections will

address the influences of the BGA component, Ag content, dwell time, and ATC

profile on the number of cycles to failure of studied assemblies. The effect of

microstructural evolution on failure mechanism during thermal cycling process

will also be discussed.
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5.3.1 Effect of ball grid array component

Two BGA components were used in this study, Amkor’s ChipArray Ball Grid

Array (192CABGA) and ChipArray Thin Core Ball Grid Array (84CTBGA), as

shown in Fig. 5.19, with the former being much larger. The CTE of the PCB used

was 13 ppm/�C, while the composite CTE of 192CABGA (7.0/7.6 ppm/�C along

X/Y axis) was on average 20% lower than that of 84CTBGA (8.5/9.6 ppm/�C along

X/Y axis), resulting in a greater CTE mismatch between 192CABGA and the PCB.

The characteristic life of 84CTBGA substantially exceeds (30%�100%) that of

19CABGA. On one hand, the larger CTE mismatch between 192CABGA and PCB

leads to a higher strain that the solder joints have to endure during ATC process. On

the other hand, because of its larger die size, the distance from the center point of

192CABGA to its outer rows is greater, which drives failure sooner as a result of

higher strains. For 0/100�C ATC, the characteristic lifetime of SAC405 was 20%

higher than that of SAC105 for 192CABGA, while the difference increased to 40%

for 84CTBGA. Similar trends were observed for other alloys in this study when used

to compare these components, the higher strain level in 192CABGA resulted in gen-

eral lower characteristic lifetimes, and was therefore less sensitive to Ag content [9].

5.3.2 Effect of Ag content

With more Ag content in the solder alloy adopted, a higher characteristic lifetime

was achieved in ATC, presumably due to the dislocation pinning effect of Ag3Sn

IMC particles. However, in a more aggressive thermal profile, the 240/125�C
cycle, the strengthening effect of Ag content on characteristic lifetime was dra-

matically decreased with either the 192CABGA or 84CTBGA packages [9], prob-

ably due to the coarsening of Ag3Sn precipitates and the interparticle spacing

FIGURE 5.19

Components of 192CABGA (left) and 84CTBGA (right) [9].
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increasing as a result of Ostwald ripening. There is a possibility that the combina-

tion of the highest strain (ΔT) and the highest peak temperature, 125�C, resulted
in accelerated Ag3Sn particle coarsening which greatly diminished their disloca-

tion pinning effect on thermal fatigue life. Similar results can also be found in the

report from Lee and Ma [41], who observed that the performance of SAC305 and

SAC105 under high-strain test configurations showed minimal difference.

5.3.3 Effect of dwell time

With prolonged ATC dwell time, more creep occurs and this generates more dam-

age that drives time dependent recrystallization. Ag3Sn precipitates coarsen, grain

boundary sliding occurs along with grain rotation which initiates and propagates

cracks. All the aforementioned processes generate or accelerate failure and, as a

result, characteristic lifetime is reduced. For example, reliability was significantly

reduced by 25%�40% for almost all Sn-based Pb-free alloys when the ATC

dwell time was extended from 10 to 60 minutes, while keeping the upper/lower

temperatures at 0/100�C [9].

Under either 0/100�C or 240/100 100�C ATC, second-generation Pb-free sol-

der alloys exhibited remarkably improved characteristic lifetimes compared to the

eutectic SnPb solder alloy, which was used as a benchmark, even with the

extended 60-minute ATC dwell time [9]. First generation Pb-free alloys with

higher Ag content were even more reliable.

5.3.4 Effect of accelerated temperature cycling profile

Either a higher peak temperature with the same ΔT, or a higher ΔT with same

peak temperature, leads to the reduction of characteristic lifetime. Generally, there

is a 20%�50% reduction in lifetime under more aggressive thermal cycle test

conditions [9]. Predictive models show that the shear strain generated in the Pb-

free solders is proportional to the CTE mismatch and ΔT [42]. Therefore larger

ΔT generates greater strain which drives Ag3Sn coarsening and recrystallization,

which occur at peak temperature with the longer dwell providing more time for

recovery processes. As the reliability reduction is not quantitatively consistent

from alloy to alloy, it is difficult to determine if ΔT (strain) or dwell time is the

dominant factor involved.

5.3.5 Microstructural evolution and failure mechanisms

As indicated in Fig. 5.20, solidification of SAC305 initiates at the red mark (gray

in print version), the composition of remaining liquid moves down the tempera-

ture gradient in the direction of the arrow, freezing out of primary dendrites until

reaching the pseudo-binary Sn�Cu6Sn5 eutectic. As the solidification of this

eutectic advances, the composition moves toward the ternary eutectic

Sn�Ag3Sn�Cu6Sn5, where the remaining liquid solidifies. Taking a typical SAC
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alloy as an example, the microstructure of SAC305 is dominated by primary Sn

dendrites, with fine Ag3Sn IMC particles dispersed on the Sn boundaries to out-

line the shape of the dendrite arms, with larger Cu6Sn5 IMC particles randomly

distributed in the interdendritic regions, as illustrated in Fig. 5.21.

Presumably, under equilibrium conditions, the microstructures of other SAC-

based alloys would be similar, only differing in the volume fraction of the Ag3Sn

IMC phases in the interdendritic regions, which should be proportional to the con-

tent of Ag in the solder alloy. However, even with the SAC305 near-eutectic

composition, during practical reflow soldering, it is usually the nonequilibrium

conditions that determine the solidification sequence, which subsequently domi-

nates the distribution of the Ag3Sn IMC phase. The degree of undercooling can

affect the morphology of the Sn grains as well as the size and distribution of

FIGURE 5.20

The liquidus projection of the tin-rich corner of Sn�Ag�Cu equilibrium phase diagram

with equilibrium freezing trajectories of SAC305 [43].

FIGURE 5.21

As received SAC305 solder ball with 192CABGA package [9].
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precipitates. As a large amount of undercooling cannot be fulfilled to nucleate the

β-Sn, the solder cools well below the equilibrium liquidus temperature before

nucleation actually occurs. Few nuclei can be formed due to the difficulty of

nucleation, resulting in limited Sn grains [9].

BGA solder joints, typically form either a single Sn grain, or the so-called

beach ball structure (Fig. 5.22A�C), in which Sn grains arranged radially around

a point showing clearly defined boundaries. However, in land grid array (LGA)

solder joints with relatively smaller volume, alternatively, an interlaced twinning

microstructure usually takes shape (Fig. 5.22F). It has been presumed that higher

percentages of interlaced joints may cause higher characteristic lifetimes in ATC,

as indicated in Fig. 5.23.

Fig. 5.24 shows the cross-sectional PLM image of the SAC405 solder joint, the

microstructure of which consists of a fine-grain interlaced twinned morphology, as

well as the aforementioned beach ball morphology, which is made up of several large

Sn grains with varying crystallographic orientations. Generally, the beach-ball struc-

ture is found in samples solidified at higher temperatures, whereas the interlaced

twinning morphology has been observed more commonly in solder alloys with high-

er Ag content and in smaller scale solder joints [44,46�49]. Also, micro-alloying

elements like Ni could possibly promote the formation of an interlaced structure [50].

FIGURE 5.22

PLM images showing the microstructure of SAC305 solder joints from various of sizes and

solidification temperatures: (A) 750 μm, 200�C; (B) 300 μm, 195�C; (C) 750 μm, 181�C;
(D) 300 μm, 172�C; (E) 100 μm, 165�C; and (F) 125 μm, 138�C [44].
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Other reports also found that solder joints with this particular fine-grain interlaced

twinned morphology exhibit higher thermal fatigue resistance [51,52].

With the similar mechanisms of crack nucleation and propagation, Pb-free

SAC-based solder alloys usually show typical thermal fatigue failure under vari-

ous ATC tests, independent of dwell time. As illustrated in Fig. 5.25, in the upper

region adjacent to the IML, the relatively higher strain accelerates the coarsening

of Ag3Sn IMC particles and the recrystallization of Sn grains, followed by sliding
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FIGURE 5.23

Relationship between the characteristic lifetimes of LGA solder joints and percentage of

interlaced joints [45].

FIGURE 5.24

PLM image of a SAC405 ball [9].
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and rotation of the small grains, and a fatigue crack then initiates and propagates

along the network of grain boundaries through the recrystallized area until failure.

As an example, in the lower region of the bulk solder, due to lower strain, finer

IMC particles are dispersed more densely and are clearly observed, indicating a

moderate coarsening as shown below in Fig. 5.25.

5.3.6 Lessons learnt from case study II

A significant finding from the study of Coyle et al. is that the beneficial effect of

Ag on ATC reliability diminishes as the severity of the thermal cycling profile

increases, defined by greater ΔT, higher peak temperature, and longer dwell

times. The results also indicate that all the Pb-free solders show superior reliabil-

ity than the SnPb alloy they have replaced. Besides OM and SEM, advanced ana-

lytical methods such as PLM and EBSD can provide a better understanding of the

effect of microstructure and its evolution on thermal fatigue performance.

5.4 Case study III—High-performance solders
(third generation)

For end users with a requirement for high reliability, thermal fatigue resistance of

Pb-free solders is an attractive topic. Solder joint fatigue is recognized as one of

FIGURE 5.25

Microstructure of SAC305/192CABGA solder joint failed after 0/100�C, 10-min dwell ATC [9].
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the primary failure mechanisms of electronic assemblies. Due to differing CTE,

there will be thermal expansion mismatch between components and their circuit

board, resulting in thermomechanical fatigue of solder joints during service.

As elucidated earlier, although Ag is very effective to enhance the reliability

(evaluated by characteristic lifetime under ATC) of solder joints under mild ATC

conditions, for example, 0/100�C 10-minute dwell, the strengthening effect of Ag

that benefits the reliability lessens drastically with increased severity of the ATC

profile, such as greater ΔT, higher peak temperature, and longer dwell times. It is

necessary to find an alternative or additional strengthening mechanism that is less

vulnerable under more severe conditions, which degrade the effectiveness of

strengthening mechanism from Ag. Therefore third-generation Pb-free alloys have

been studied and developed; a wide range of elements have been used as micro-

alloys, such as Ni, Al, Mn, Ti, Zn, Bi, as well as some rare-earth elements, to

study their effects on solder alloy reliability.

5.4.1 Effect of micro-alloying on Sn�Ag�Cu

In a review study, Shnawah et al. reported that the low Ag-content SAC alloys

with different minor alloying elements such as Mn, Ce, Bi, Ni, and Ti display

good performance in terms of thermal cycling conditions [53]. For example, IMC

coarsening suppression phenomenon was observed in SAC105 solder alloy with

Mn or Ce additives. In addition, grain coarsening was also suppressed through

pinning grain boundary by refined IMC particles. As a result, a fine IMC structure

and a stable grain structure jointly lead to an improved thermal cycling reliability.

Ali et al. reported that by adding 0.05 wt.% Fe and 1 wt.% Bi to

Sn�1Ag�0.5Cu (SAC105), the impact of absorbed energy of the solder bulk is

increased by about 20%, which is corroborated by the corresponding modulus. It

was found that the sizes of β-Sn grains and IMCs (Ag3Sn and Cu6Sn5) were

reduced. Fe and Bi additions to SAC105 solders improved mechanical performance

and were more stable than SAC105 under high thermal aging conditions, due to the

microstructure refinement and solid solution hardening mechanisms [54].

Fleshman et al. found that doping small amount of Ni (0.1 wt.%) to

Sn�3.0Ag�0.5Cu can alter the grain structure of a solder ball and improve its shear

strength. Nickel can serve as heterogeneous nucleation sites for IMCs and induce finer

IMCs precipitates, which can then pin the grain boundaries of β-Sn and suppress the

growth of grains, resulting in a refined microstructure. Meanwhile, Ni-doped SAC305

displays multiple grains with a partially interlaced structure, differing from SAC305

which shows mainly single grain and only occasionally multiple grains. These refined

grains, altered orientation and enhanced dispersion of fine IMC precipitates all contrib-

ute to enhanced mechanical performance of Ni-doped SAC305 [55].

5.4.2 Two commercialized alloys

Collins et al. evaluated the thermomechanical fatigue resistance of a range of

commercially available Pb-free solder alloys that are known to exhibit fatigue
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resistance: (1) SAC387 as a conventional Pb-free alloy, (2) a Sb-doped SAC alloy

(Castin), (3) a Bi-bearing alloy (Innolot), and (4) eutectic SnPb that was used as

reference material. The thermal cycle consisted of 0/100�C and 240/125�C with

a ramp rate of 4�C/min on heating and cooling. The dwell times were 15 minutes

at the upper and lower limits. These thermal cycle conditions are suitable to

accelerate failures in long-life equipment for telecommunications, defense, or

aerospace applications [8,56]. Due to its relatively high silver content, SAC387 is

known to possess good fatigue resistance [57,58], whereas the Castin alloy is

known to perform well under fatigue [1] and the Innolot alloy has been designed

as a fatigue-resistant solder alloy [59]. These alloys have primarily focused on

improving toughness of the interfacial IML, and have been targeted for deploy-

ment in harsh operating environments such as automotive, industrial, military,

and aerospace applications. Micro-alloying can provide solid solution strengthen-

ing to compensate for the loss of strength once the Ag3Sn particles coarsen.

The initial microstructures of Castin, Innolot, and SAC387 are highly depen-

dent on preconditioning (dry heat at 125�C for 10 days) and alloy composition.

As shown in Fig. 5.26, with the electroless nickel immersion gold (ENIG) finish

on copper pads as a substrate, the dark Ni layer can be clearly observed just

above the Cu6Sn5 intermetallic, where cracks are most likely to initiate in the sol-

der joint. Due to its tetragonal crystal structure, an extensive degree of undercool-

ing is required in order to induce nucleation and the eutectic reaction of the Sn

dendrites, and eventually form the dendritic primary Sn phase structure. Eutectic

SnPb shows the microstructure of alternating layers of Pb-rich α and Sn-rich β
phases due to a diffusion controlled distribution. For SAC387-based alloys

(SAC387, Castin, and Innolot), a combination of darker Cu-rich Cu6Sn5 and

brighter flake-like Ag-rich ε-Ag3Sn IMCs are embedded in the Sn-rich matrix.

For SAC387, preconditioned alloys show a significantly coarser Ag3Sn particle

network compared to as received ones. In Castin, Sb dopant predominantly dis-

solves in the β-Sn matrix to form a solid solution, whereas the white Bi phase is

clearly identified in Innolot.

The reliability of the solder alloys is ranked as follows Innolot . Castin .
SAC387 c SnPb, as shown in Table 5.2, in terms of characteristic life data.

Compared with traditional SnPb, the higher characteristic lifetime of SAC387 sol-

der could be attributed to its relatively high silver content. Based on SAC387, the

higher characteristic lifetime of Castin is due to solid solution strengthening by

micro-alloying Sb, which also resulted in an initial finer grain structure that coars-

ened at a slower rate under the stresses imposed by the thermal cycling. Possessing

the solid solution strengthening and microstructure refinement from micro-alloying

Sb, the reliability of Innolot was further improved by micro-alloying Bi, which

introduced additional solid solution strengthening as well as an extra IMC that

could offer a precipitation hardening mechanism. On the other hand, as mainly con-

centrated in the Cu6Sn5 phase which mostly was located at the interface between

the solder and the copper substrate, the Ni dopant in Innolot is expected to have a

toughening effect on the IMC thereby inhibiting crack formation and growth.
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FIGURE 5.26

As received microstructures of (A) SnPb, (D) SAC387, (G) Castin, and (J) Innolot;

preconditioned microstructures of (B) SnPb, (E) SAC387, (H) Castin, and (K) Innolot; EDS

of (C) SnPb, (F) SAC387, (I) Castin, and (L) Innolot [8].
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Characteristic lifetime of all alloys, without exception, was remarkably

reduced by B50%�80% under a 240/125�C thermal cycle compared to a

0/100�C thermal cycle. The lower characteristic lifetimes can be ascribed as

before to the larger strain of the cycle with greater temperature difference (ΔT,

165�C vs 85�C) and hence longer time is required for recovery processes. The

higher peak temperature in the more aggressive cycle will also result in enhanced

Ag3Sn coarsening and recrystallization, driven by the strain damage associated

with the larger ΔT as discussed previously. Therefore rather than thermal expo-

sure alone, it is the synergy of strain induced by temperature cycling coupled

with the thermal exposure at the high end of the cycle that dominantly drives the

IMC coarsening. Preconditioning generally resulted in lower characteristic life-

times for the Pb-free alloys. However, for SAC387-based alloys, although isother-

mal preconditioning had an obvious impact on initial microstructure, it has a

negligible effect on the characteristic lifetime, and neither does it alter the failure

mode nor the final microstructure. Similar results have also been found for

SAC405 alloys by Manock et al. [60]. By micro-alloying Bi and Sb, the micro-

structure coarsening and grain growth in Castin and Innolot solder alloys may

also be inhibited during thermal cycling, through the solid solution strengthening

mechanism. Similar to Ag�Sn IMC precipitates, Bi could migrate from the bulk

Sn to the grain boundaries and accumulate there during thermal cycling, to pro-

vide a strengthening mechanism which can hinder dislocation motion.

As the failures represented in Fig. 5.27 show, cracking is observed both in the

bulk solder and at the interface with the board for all alloys. Slight contrast

Table 5.2 Summarized ATC reliability data [8].

Alloy Preconditioning Thermal cycle (�C) Characteristic life η Slope β

SnPb No 0/100 148.8 8.23
SAC387 No 0/100 756.1 8.55
Innolot No 0/100 1341 3.37
Castin No 0/100 609.3 6.99
SnPb No 240/125 74.6 5.43
SAC387 No 240/125 212.9 18.4
Innolot No 240/125 320.5 6.51
Castin No 240/125 205.9 8.46
SnPb Yes 0/100 215.6 8.06
SAC387 Yes 0/100 688.6 12.2
Innolot Yes 0/100 1215 4.19
Castin Yes 0/100 911.7 7.58
SnPb Yes 240/125 136.7 6.81
SAC387 Yes 240/125 185.9 9.09
Innolot Yes 240/125 258.9 8.25
Castin Yes 240/125 211.9 6.81
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differences in the Sn phase were assumed to be subgrains, which may form during

thermal cycling of solder alloys, due to recrystallization or recovery during creep

at locations where high strain conditions occur that provide nucleation sites. As

the thermal cycling proceeds, a number of micro-cracks appear to connect voids

that form preferentially at triple junction points induced by recrystallization and

grain boundary motion. Secondary cracking is seen in all the failures, while

Cu6Sn5 and Ag3Sn IMCs are commonly observed throughout the bulk solder in

all the SAC387-based solder joints. Recently, utilizing microstructural analysis

and crack imaging software, Zhong et al. reported that Innolot exhibited better

crack resistance during early cycles (240/125�C cycle) as energy was consumed

during recrystallization processes. However, the larger amount of grain

FIGURE 5.27

Microstructures of as received post ATC 1 (A) SnPb, (E) SAC387, (I) Castin, and (M)

Innolot; preconditioned post ATC 1 (B) SnPb, (F) SAC387, (J) Castin, and (N) Innolot; as

received post-ATC 2 (C) SnPb, (G) SAC387, (K) Castin, and (O) Innolot; preconditioned

post-ATC 2 (D) SnPb, (H) SAC387, (L) Castin, and (P) Innolot [8].
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boundaries from the early recrystallization could act as crack propagation paths,

leading to significant acceleration of its failure in later cycles, when compared to

SAC387. It is concluded that recrystallization speed should be controlled to

enhance reliability and that Innolot is more suited to short term reliability pro-

ducts [61]. Contradictory reliability findings from Collins et al. showed that while

Innolot may fail at early cycles, the overall long term reliability is better than

SAC387 statistically. When compared to the other alloys, the Castin and Innolot

exhibit the longest fatigue lives during the more aggressive temperature cycles

(240/125�C cycle). The increased reliability is due to the inhibition of micro-

structural coarsening by enhanced Ag3Sn precipitate formation, which is a result

of Bi and Sb micro-alloying.

5.4.3 Lessons learnt from case study III

All the third generation Pb-free solders discussed above are more reliable in ATC

than the SnPb alloy they have replaced. Alloys are being designed to improve

toughness of IMLs and to provide solid solution strengthening to compensate for

the loss of strength once the Ag3Sn particles coarsen. While solid solution

strengthening by additions of Sb is effective (Castin), it is not sufficient, and other

strengthening options through the introduction of additional precipitates and solid

solution strengthening using Bi (Innolot) is most desirable. Presumably, Ni also

has a toughening effect on the IMCs thereby inhibiting crack formation and

growth. The strain induced by temperature cycling coupled with the thermal

exposure at the high end of the cycle (not temperature exposure alone) was the

dominant factor driving the particle coarsening.

5.5 Case study IV—Low-temperature solders
Currently, SAC305 alloy is widely used by the industry as the most prevalent

replacement for Pb-free solder due to its thermal reliability [11,38]. However, it

exhibits a much higher melting temperature (217�C) compared with traditional

SnPb (183�C) [62], and this has become its drawback with regard to wider appli-

cation in the electronics industry. Recently, driven by specialist applications such

as temperature-sensitive components and optoelectronics as well as environmental

awareness, there has been a trend toward Sn�Zn-based solder alloys due to their

lower melting points (198.5�C), good mechanical performance at room tempera-

ture, and low cost [63]. Villain et al. found that the solder joints of eutectic

Sn�9Zn showed comparable shear force to eutectic SnPb and higher creep resis-

tance than Sn�40Pb under the same test conditions [64]. Zhang et al. reported

that Sn�9Zn shows a higher fatigue life than SnPb with solder joints in chip scale

packages in a finite element analysis modeling study [65]. The LEADFREE proj-

ect reported that a large fraction of the Sn�9Zn solder joints had failed after 400
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cycles whereas Sn�36Pb�2Ag had the first failure at 1000 cycles under the same

ATC conditions [66]. In the following subsections, the effects of substrate and

micro-alloying on reliability of Sn�Zn-based solders will be reviewed

respectively.

5.5.1 Effect of substrate

The inferior reliability of Sn�9Zn is attributed to partially its faster interfacial

reaction and partially to the insufficient soldering due to its poor wettability. Due

to the high activity of Zn, Sn�Zn-based solder alloys generally show poor wetta-

bility and short paste shelf life. However, these disadvantages can be overcome

by developments in flux technology [62,67]. A specifically formulated Rosin-

based flux with high activator level to overcome wettability and oxidation pro-

blems was developed to produce the robust Sn�9Zn solder joint, by Collins et al.

[68]. After 2500 thermal cycles, the characteristic lifetime of Sn�9Zn soldered

2512 chip resistors on the different finishes can be ranked as follows: ENIG .
organic solderability preservative (OSP) . immersion silver (IAg), as shown in

Fig. 5.28. The results show that Sn�9Zn could potentially be a viable alternative

to SAC305 for high reliability components [68].

As shown in Fig. 5.29, as received solder joint microstructures with three dif-

ferent finishes look morphologically similar, with Zn phase (black) existing as

needle-like primary Zn and platelet or fibrous Zn precipitates dispersed in the

eutectic phase. The solder joint with ENIG finish shows remarkably finer grain

structure, however, which may coarsen at a slower rate under the stresses intro-

duced by thermal cycling, leading to an increased characteristic lifetime. For IAg

and OSP, γ-Cu5Zn8 is the primary IML, between which and Cu a thin β-CuZn
layer is also formed. On the other hand, Ni5Zn21 is the only IML formed along

the interface for ENIG. During thermal cycling, cracks form adjacent to the IML

and propagate along the coarsened brittle IMC.

In contrast to the fast Sn�9Zn/Cu interfacial reaction which can significantly

degrade the joint strength [69], Yoon et al. found that the ENIG layer effectively

protected the Sn�9Zn/ENIG interface by forming an AuZn3 IMC layer which can

act as a diffusion barrier that suppresses the undesirable interfacial reaction, result-

ing in superior joint reliability [70]. However, in the case of the Au/Ni electro-

plated Cu substrate, the AuZn3 IMC layer became detached from the interface

during reflow, presumably due to the CTE mismatch and weak adhesion between

the AuZn3 IMC layer and Ni layer caused by the depletion of the Au layer [71,72].

5.5.2 Effect of micro-alloying

It has been reported that micro-alloying has a critical influence on mechanical

properties, as well as microstructural evolution and reliability of Sn�Zn-based

solder alloys [73�76]. El-Daly et al. reported that alloying of Sb can effectively

increase mechanical strength and creep resistance of Sn�Zn-based solder alloys
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[77,78]. In a micro-alloying study, Shen and Chan found that ZrO2 nanoparticles

embedded in the solder matrix of Sn�9Zn can obstruct the motion of dislocations

by pinning and also pin grain boundaries, therefore, significantly enhancing the

shear strength of the solder joint with an electrodeposited Ni/Au BGA substrate.

Due to their strong adsorption effect, ZrO2 nanoparticles can also absorb Zn

atoms on their surfaces, impeding Zn from gathering and therefore restraining

the growth of Ni�Zn IMC layer, therefore improving the reliability of solder

joints [79].

The addition of Bi into Sn�Zn binary alloys can improve mechanical per-

formance and corrosion resistance [80�82]. Due to the great potential of

Sn�Zn�Bi solder systems to replace SnPb as a low-temperature Pb-free solder,

many studies, both industrial [2,83,84] and academic [73,74,85], have been car-

ried out to study the influence of micro-alloying on Sn�Zn�Bi-based solder

alloys. It is found that micro-alloying In, Nd, Ni, or Sb can enhance mechanical

performance of Sn�8Zn�3Bi-based alloys through microstructure refinement

and solid solution strengthening [76,86�89], micro-alloying Ge or Cr can

improve the antioxidation resistance [90,91], whereas micro-alloying Ag or Cu

can effectively suppress the formation and growth of IMCs [92�94]. In addi-

tion, alloying 0.3 wt.% Ag into Sn�8Zn�3Bi can regulate the spalling of the

Au�Zn IMC layer as well as limit the formation of Ni�Zn compound which

can deteriorate the mechanical strength of the joint [92]. In a comprehensive

study on interfacial IMCs and reliability, Sharif and Chen concluded

that Sn�8Zn�3Bi solder and ENIG is a good combination for BGA soldering

technology [95].

FIGURE 5.29

As received solder joint (upper) and failed solder joint (lower) of Sn�9Zn with OSP (left),

IAg (middle), and ENIG (right) [68].
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5.5.3 Lessons learnt from case study IV

The study of Collins et al. shows that drawbacks of low temperature Sn�Zn-

based solders like poor wettability and short paste shelf life can be prevented by

the development of tailor-made flux technology. In addition, other studies show

that micro-alloying can enhance the reliability of Sn�Zn-based solder assembly.

With more commercial potential in the application space of consumer and “throw

away” electronics, due to lower raw material cost and processing temperatures,

the novel micro-alloyed Sn�Zn-based solders could potentially lead to a viable

alternative to conventional SAC solder solders for niche applications.

5.6 Conclusion

The evolution of Pb-free solders has been reviewed in this chapter. Substantial

research has been carried in this field and it has provided valuable guidance for

applications in the electronics industry and for understanding the ATC perfor-

mance of Pb-free solders. With an increasingly compositional complexity, SAC-

based alloys have made it possible for most consumer electronics, and much of

the electronics for which the EU RoHS Directive had granted exemption, to tran-

sition to Pb-free solder assembly without encountering significant reliability

issues. In addition, emerging low temperature Sn�Zn-based solders have their

own place in specific applications.

Finally, failure mechanisms of solder joints are largely dominated by micro-

structural evolution during thermal cycling, which is influenced by alloy composi-

tion, component type, as well as ATC profile including temperature range and

dwell time. Therefore it would be prudent for future reliability studies to under-

stand their undercooling behavior during reflow, Sn grain orientation, morphol-

ogy, and recrystallization behavior during thermal processing.
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CHAPTER

6The role of contamination in
the failure of electronics—
case studies

W. John Wolfgong, Joseph Colangelo and Jason Wheeler
Raytheon Company, McKinney Failure Analysis Laboratory, McKinney, TX, United States

6.1 Introduction
Contamination, for the purposes of this work, is defined as the presence of an

unexpected material at electrically sensitive areas of an electrical circuit. The

result of such contamination can range from no effect at all to degradation of sys-

tem performance to catastrophic system failures. While the presence of contami-

nation having a negative effect on any type of system’s performance is intuitive,

the modes of deposition and types thereof, in particular with regards to electron-

ics, can be less than obvious. For example, many types of contamination that can

lead to system failures derive from gaseous species via “outgassing” from a vari-

ety of sources. These gaseous materials can lead to conditions such as silver tar-

nish or create new seemingly difficult to rationalize contaminates such as

frictional polymers or insulating decomposition products at electrical contact sur-

faces [1,2]. It is also common that contaminants are native to systems, deriving

from the construction materials of the systems themselves, as opposed to foreign

sources. No matter the source, the effects of contamination may be transitory and

the responsible contaminates difficult or impossible to identify with only indirect

evidence that contamination contributed to a systems failure. Case in point—

some metals common to electronics (e.g., pure tin) can form “whiskers” which

can either directly grow to form a short between energetic contacts or break off

of the growth site and become lodged between other electrically sensitive areas of

a circuit [3]. The short which results from this contamination can vaporize the

small whisker making identification of this mechanism difficult.

The nature of the contaminants that may affect electrical circuits range from

insulative commonly leading to failures associated with opens and/or current leak-

age, to conductive which may lead to shorts and catastrophic systems failures. It

is also possible that over time a contaminant may start as one of these classes but,

because of environmental conditions and other factors, may convert to another.

An example of such an occurrence is the presence of electrolytic contamination

(e.g., salts) on the surface of a circuit (or more generally, between conductors)
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that, under dry conditions, creates no detectable effects but, when exposed to a

high-humidity environment, can lead to resistive shorting [4].

The purpose of this contribution is to highlight examples in which contamina-

tion is the primary contributor to the failure of electronics. Selected examples

were chosen to highlight the fact that, in many cases, identification of contamina-

tion as a root cause mechanism, as well as various sources of contaminants, can

be less than obvious.

6.2 Case studies

6.2.1 Example 1—Contamination as a primary cause of motor
failures

6.2.1.1 Introduction
Contamination at high-energy electrical contacts, for examples at motor brush/

commutator interfaces, is typified by the formation of insulative reaction products

and/or decomposition products of the source contaminants. These reaction and

decomposition products, which are distinct from the initial contaminants which

led to their formation, lead to failures which range from unacceptably high ohmic

contact to opens [5]. The following case study is an example in which such

mechanisms were found to be the root cause of a system failure.

In this example, a multispectral viewing and imaging systems were noted to

fail upon switching between the various viewing modes. These failures were

noted well short of the expected system lifetime, and, in some cases, occurred

after only about 10% of operational life. Switching between the various viewing

modes is accomplished by the action of a mechanical system driven by an electric

motor. The system performance varied significantly across the sample set evalu-

ated; the performance generally ranged from normal operation to “sluggish”

switching time, and, in some cases, failed to switch altogether.

Initial investigations were carried out at the systems level in hopes of isolating

wherein the switching drive train the failures were occurring. For example, an

inspection of the complete mechanical system did not reveal any anomalies—

associated gears and drive shafts exhibited no damage or abnormalities. Because

of these observations, it was decided that the failures were most likely associated

with improper motor operation. As a result, motors from several systems which

were noted to exhibit sporadic switching operations were removed for analyses. It

was noted that the replacement of the motor with a “known good” sample

restored system functionality. In addition to these, example motors from stock in

the “as received” condition were also inspected for comparative purposes.

6.2.1.2 Motor operation investigation
After removal, the failing motors were mounted to appropriate fixturing and con-

nected to power, 27 V under no load, for characterization (similar characterization
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was also performed of the new from stock motors for comparison). This first level

investigation was performed to determine how the motors operated in isolation.

This investigation yielded some interesting observations. For example:

1. It was found that motors which did not operate at all could be induced to

operate upon gently turning the motor shaft or upon gently tapping on the

motor housing.

2. Upon supplying power, some of the motors were found to operate initially

very slowly coming to speed only after a few initial rotations.

3. In many cases the motors exhibited sporadic motion with apparent stalls and

starts before coming up to speed.

4. The control stock motors performed as expected with no anomalous behavior

observed.

These initial motor operational characteristics were judged to be consistent

with the overall systems level failures. The data also suggest that contributions

from the systems, be they materials related such as contamination or purely func-

tional related to how the motors are operated in the systems in question, could

contribute to the failures as the motors from stock operated as expected. With this

in mind the systems level failure analysis was isolated to investigations of the

motors.

6.2.1.3 Electrical characterization
The motor assemblies in questions are comprised of a planetary gearbox mounted

to a permanent magnet DC brushed motor. There are numerous failure mechan-

isms associated with DC brushed motors, some of which could result in similar

failure modes [6,7]. Often, these failure mechanisms produce distinctive electrical

characteristics, which could be used to direct the analytical approach and comple-

ment various other analytical techniques in identifying a potential root cause. As

such, electrical characterization of the various motors during operation was car-

ried out.

6.2.1.4 Control stock motor
During failure analysis in general, and when possible, it is desirable to obtain

known control examples of whatever may be under investigations. These “as

received,” “from stock,” “known good,” etc., examples are often useful control

samples to establish baseline operating characteristics and any other parameters

of interest for comparison to the failures under investigation. Such samples may

also be used to determine possible flaws or deign deficiencies that may contribute

to the failures under investigation. It is also common to obtain examples of parts

built from different lots to help understand if lot to lot variations contribute to the

observed failures.

In this case, stock motors representing the “as received” condition were

provided to obtain baseline “time zero” operational characteristics as well as

allowing for a thorough investigation of the motor construction.
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In this particular example, a stock motor (new from stock in the “as received”

condition) and a failing motor were operated at nominal voltage with no load on

the gearbox. The current was plotted with an oscilloscope using a high bandwidth

current probe. Fig. 6.1 displays the current through a stock motor for a duration

of approximately 2 seconds after power application; the RMS current was deter-

mined to be consistent with the vendor’s specifications. Fig. 6.2 displays the

commutation current through the same motor over a period of approximately two

revolutions. The commutation spikes displayed in the oscilloscope trace can be

used to identify points at which the brushes transition from one commutation seg-

ment to another. Therefore, for example, a brushed DC motor with 5 commutator

segments and 2 brushes, as was the case with the motors under investigation and

reported here, display 10 commutation spikes over the course of one revolution.

This can also provide useful information, such as calculating the RPM of the

motor using an oscilloscope. Also noteworthy of this stock motor the instanta-

neous motor current is always nonzero, an indicator that the motor is generating

continuous torque output.

6.2.1.5 Failed motor
After electrical characterization was performed on control motors as discussed

in the previous section, electrical characterization of failed motor examples was

performed in a similar fashion. These investigations revealed some interesting

FIGURE 6.1

Oscilloscope capture displaying the current waveform through a stock motor versus time.
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operational characteristics of the failing motors; in particular, some failing motors

displayed evidence of varying shaft speed. In this section the results for one of

these failing motors are discussed.

After power cycling numerous times, it was noted that, on occasion, the motor

would not drive; however, gentle tapping on the side of the motor could restore

operation (although the restored shaft speed was still varied). Fig. 6.3 displays the

current through the failing motor for a duration of approximately 2 seconds after

power application. The RMS current was measured, and was lower than that of

the stock motor. Additionally, the waveform characteristics were significantly dif-

ferent than that of a stock motor, and produced instantaneous current values that

dropped to zero.

Fig. 6.4 displays the commutation current through a failed motor over a period

of approximately two revolutions. As was the case with the control motor, the

commutation spikes provide useful information about the relative location for each

brush/commutator combination. Regions A, B, and C in Fig. 6.4 represent specific

brush/commutator locations where the instantaneous motor current is abnormally

low. The periodic nature of these observations are indicative of abnormal contact

between the brush and commutator interfaces in a localized fashion—this is as

FIGURE 6.2

Oscilloscope capture displaying the commutation current through a stock motor over a

period of approximately two revolutions. Commutation spikes are highlighted by the red

arrows.
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opposed to such phenomena occurring in a random fashion that is also commonly

observed during motor failure analyses using these methods. It is important to note

that the failing motor’s torque output in this example is minimal when the brush/

commutator mating occurs in these regions, as current and torque are directly pro-

portional. However, it is determined that the inertia of the gearbox carried the

motor past these highly resistive regions enabling degraded motor operation con-

sistent with reported field failures. Another important outcome of these findings is

that if during power cycling the commutators stop at one of these high-resistance

regions, the motors will not operate upon activation. However, if the regions are

moved, for example, by applying mechanical input such as tapping or rotating the

motors a few degrees, the motors start in a sluggish manner with decreased perfor-

mance. These observations are also consistent with reported field failures and

strongly suggest that a mechanism such as the localized presence of resistive con-

tamination at the commutator/brush interfaces is the mechanism responsible for

the motor failures.

6.2.1.6 Chemical characterizations
The electrical performance discussed in the previous section showed in a dramatic

fashion that insulating contaminants at the brush/commutator interfaces most

likely accounted for the system failures. Supporting this supposition is the fact

FIGURE 6.3

Oscilloscope capture displaying the current waveform through a failing motor versus time.
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that the step-by-step deconstruction analyses (not presented here) of the failing

motors did not indicate any other possible contributors.

For example, the internal motor bearings were properly lubricated and found to

rotate smoothly with no indications of any anomalies. However, during this decon-

struction analysis and as shown in Figs. 6.5 and 6.6, unusual levels of surface resi-

dues on the commutators were judged to be present. This further indicated that

contamination at the brush/commutator interfaces were responsible for the sys-

tems’ failures. As a result, chemical analyses of these interfaces were carried out

to test the contamination hypothesis as well as help to identify possible contamina-

tion sources [8].

Over the course of the chemical analysis portion of the investigations, a num-

ber of motors were investigated with an emphasis on the brushes and commuta-

tors, producing, in many cases, complex data. However, the findings were all

consistent with the following failure mechanism:

1. Chemical species were liberated from a variety of sources, not the least of

which were silicone grommets, depositing materials onto the commutator/

brush surfaces as well as being absorbed into the carbon of the brush

construction (carbon acts as a chemical trap, e.g., its use in water filtration).

2. The deposited and absorbed materials were converted into other more

tenacious chemical forms via the action of the energy from motor arcing, heat

FIGURE 6.4

Oscilloscope capture displaying the commutation current through the failing motor over a

period of approximately two revolutions. A, B, and C represent distinct regions on the

commutator segments where the instantaneous motor current drops to zero.
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FIGURE 6.5

Commutators with surface deposits. Dark spots were noted on the commutator segments

in two specific locations, separated by approximately 180 degrees. The dark streaks

appear to be particulate deposits from normal brush wear.

FIGURE 6.6

Scanning electron microscope image showing large deposits (dark features) on a

commutator surface.
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from operation, and direct frictional energy at the contact surfaces from the

rotation of the motor. For example, the formation of silica upon the

decomposition of source silicones or the polymerization of source organic

materials forming a resistive surface “varnish” at the contact interfaces [9].

3. These deposited materials formed indirectly from distinct source materials

released from the motor construction materials as well as system construction

materials and were removed at a rate much slower than their rate of formation

(motor brush commutator pairs are “self-cleaning” via normal operational

wear and at times even have added “wipers” to help remove surface

contaminants).

The following chemical analysis data are representative of some of the find-

ings gained during the investigation.

The commutator surface deposits displayed in scanning electron microscope

(SEM) Figs. 6.7 and 6.8 were typical of many of the commutator surface residues.

While the filmlike residues displayed in Fig. 6.8 are expected to some degree

even on the commutator surfaces of properly operating motors, the large deposits

displayed in Figs. 6.5 and 6.7 are not. In fact these large contamination features

were some of the most pronounced ever observed by the lab from a number of

similar motor failure analyses.

These findings were consistently observed toward the ends of the commutators

indicating that such regions were responsible for the periodic current drops displayed

in Fig. 6.4. To further characterize the sources of the contaminants, elemental

FIGURE 6.7

Large deposits on commutator surface.
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spectra were also obtained of the residues using energy dispersive spectroscopy

(EDS) while imaging in the SEM.

The elemental spectra displayed in Fig. 6.9 collected from commutator

surfaces from a failed motor are distinguished by the intense return for silicon

(Si). Also indicated as possible contamination contributors are the findings of car-

bon (C), oxygen (O), and sulfur (S). The findings of Si in combination with C

and O indicate that silicones as well as silica formed upon the decomposition

thereof likely account for much of the electrically insulating surface contaminates

(these also account for the observed system failures) [10].

It is worth noting in passing that gas chromatography/mass spectrometry (GC/

MS) analyses of brushes indicated that the brushes from failing motors released

sulfur-containing gaseous molecules that can help explain the presence of high

sulfur deposits on some commutator surfaces (both the example shown here as

well as others in which the level of sulfur in deposits was more than 103 the

presented example). These data show that it is likely that a variety of materials

are present on the brush and commutator surfaces. It is important for the analyst

to realize that some contamination is expected at commutator and/or brush

surfaces of common motor designs and in some cases is even beneficial to motor

operation [11].

Fourier-transform infrared (FTIR) spectroscopy methods were also employed

to further characterize the surface contaminates (in most cases microscope reflec-

tance methods were employed). The following spectrum was commonly

FIGURE 6.8

Filmlike deposits on commutator surfaces.
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FIGURE 6.9

Elemental spectra obtained from commutator edges of a failed motor.
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associated with areas such as those shown in Fig. 6.9 in which the elemental anal-

ysis data suggested that silicones and silica could be present in these areas.

The infrared spectrum displayed in Fig. 6.10 indicates that silica and silicones

are present on the commutator surface. The band at about 1100 cm21, in particu-

lar, is associated with Si�O�Si bonding of these materials. Review of the motor

construction indicated that silicone grommets were used to electrically isolate

conductors from the motor housing and, as such, were deemed as the likely

source of the silicone outgassed materials. These grommets were found to liberate

relatively high levels of gaseous silicones using GC/MS methods (data not

presented here). Additionally, review of outgassing data published by NASA of

the silicone grommets used for these motor construction indicated that the materi-

als release a relatively high level of materials via outgassing mechanisms [12].

A number of other chemical analyses were performed that showed the pres-

ence of organic films as well as other contaminants in/on the brushes and on the

commutator surfaces during these analyses that were distinct from silicone-

derived materials (data not shown). Likely source materials of these residues were

also identified.

Consultation with the supplier revealed that similar failures had never been

reported for the motors in question; the implication being that there were no

inherent design problems associated with these motors. Supporting this supposi-

tion was the fact that Raytheon had successfully employed this same motor in

separate applications. This anecdotal information suggested that the motor, while

perfectly appropriate for common applications, was likely incompatible for use
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FIGURE 6.10

Infrared spectrum collected from an area such as displayed in Fig. 6.9.
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with these imaging systems. A review of the operating conditions, in conjunction

with controlled experiments, ultimately showed this to be the case.

For example, as employed with the failing systems, the motors were activated

in a very sporadic fashion when compared to other applications in which similar

failures had not been reported. Specifically, when switching between the various

system viewing modes, the motors were determined to operate for only a few sec-

onds upon actuation. This is in contrast to the other examples in which the motors

were used in a more continuous fashion with applied power for much longer

intervals (minutes to hours).

These findings suggested two possible paths forward—select a different motor

more suited to the application or alter the motor construction such that the spe-

cific contamination mechanism (deposit of contaminates followed by decomposi-

tion thereof) is eliminated to an acceptable level. In this case the latter path was

chosen via the use of alternate nonsilicone grommets. This materials change was

shown to eliminate the failures completely.

In passing it is worth noting that such a mechanism of contamination outgas-

sing and deposition at motor contact surfaces leading to the formation of insulat-

ing residues had been observed several times by Raytheon. For example, in one

case the effects of silicone materials outgassing in the immediate vicinity of

motors were shown in a dramatic fashion. Specifically, when these motors were

continually operated over an 8-hour period, they gradually slowed to a complete

stop. However, upon eliminating the ingress of volatile silicones via sealing

the motors from the environment, the test of a control motor was stopped after

several months of continual operation. In this case, the sporadic on-then-off

operational condition was not necessary to affect motor failures. In another exam-

ple, a nonsilicone contamination source was shown to lead to this same failure

mechanism. In that case consultation with the supplier revealed that brushes were

temporarily affixed to tape adhesive to allow for the facile application of springs.

The contaminants thusly deposited were shown to lead to surface contact resis-

tance via the formation of brush/commutator surface contamination.

Finally, it must be pointed out that that motor contact surfaces are normally

expected to display some level of surface contamination. For example, carbon

brushes are particularly susceptible to contamination as the carbon serves as a

trap for gaseous materials [13]. In most cases such contamination is not problem-

atic as the self-cleaning action of motors typically keep this failure mechanism

under control; however, under specific conditions, for example, as shown here,

surface contamination can lead to motor failures.

6.2.2 Example 2—Electrolyte contamination

Electrolytes are materials that, when dissolved in water, increase the conductivity

of the resulting solutions beyond that of water alone. Salts such as sodium chlo-

ride and potassium carbonate are examples of strong electrolytes as they are

highly soluble in water forming hydrated ions in solution. On the other hand,
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organic acids, for example, those found in many soldering fluxes, are examples of

weak electrolytes. This results from the fact that when these materials are dis-

solved in water only a small fraction of the resultant species hydrated ions (the

acids are present primarily in the unionized form). Because of these properties, it

is common that these materials are collectively referred to as “ionic” contamina-

tion. Common failure modes associated with such contamination include electrical

leakage and shorting as well as corrosion of metals. Because even small amounts

of such contamination can result in catastrophic failures of electronics, several

industry standards exist with regard to analytical methods for the detection of

such materials as well as providing guidance with regard to acceptable levels

[14]. It should be pointed out that the level of water necessary for the formation

of conductive solutions with regard to electronics is rarely beyond the levels

native to materials exposed to ambient conditions—this does not require visible

condensed liquid solutions [15].

Presented here are examples in which such contamination have led to the

failures of electronics. The examples selected were chosen to highlight that, at

times, the failures associated with such materials are not immediately obvious.

6.2.2.1 A leaking capacitor
Liquid electrolytes are commonly employed for the construction of capacitors and

as such it is crucial that these liquids be sealed within capacitors and not allowed

to leak onto sensitive surfaces [16]. While in many cases the effects of leakage of

capacitor electrolyte onto sensitive surfaces are subtle and difficult to identify

during failure analysis, the example presented here, of a failure resulting from

such liquid leakage, was manifest in dramatic fashion.

In this example, the lab was presented with a system failure associated

with the malfunction of a humidity detector component. Upon disassembly of the

system, the humidity detector was noted to be discolored with apparent residue

contamination as shown in Fig. 6.11. Interestingly, and initially assumed to be

distinct from this component level failure, residues were also noted on an alumi-

num bracket of the larger system construction, Fig. 6.12, as well as associated

with a connector, Fig. 6.13.

Among initial hypotheses, based solely on the appearance of the residues, was

that a possible electrical overstress event may have occurred leading to an arcing

event accounting for the appearance of the connector. It was also thought that

such an event may have affected the humidity detector. However, the only

reported systems failure was the humidity detector malfunction with the remain-

der of the system operationally unaffected, seemingly discounting this initial

hypothesis. Another more plausible explanation was that the residue formation at

these three distinct areas of the overall system resulted from independent events.

For example, the aluminum frame was in a distinct location with regard to the

connector and humidity detector and is, of course, not part of the circuitry. With

this in mind, analyses of the residues for chemical composition were carried out.
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Elemental analyses were carried out using SEM/EDS methods while infrared

spectra were collected using FTIR methods.

The elemental spectra displayed in Figs. 6.14�6.16 have relatively intense

peaks indicating that sulfur (S) and oxygen (O) are present in all the residues.

FIGURE 6.11

Humidity detector with residues on the surface.

FIGURE 6.12

Residues on a connector frame.
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In addition to these elemental spectral similarities, the infrared spectra displayed

in Fig. 6.17 also share many commonalities. Finally, as shown Fig. 6.18, the data-

base matching result of the residues are composed of the sulfate salts of the base

metals on which they reside (The base metals in question were determined to be a

nickel plating for the connector frame, aluminum from the housing frame, and an

Inconel alloy for the humidity detector. These compositions were verified from

the parts specification data sheets.).

This chemical characterization data indicating that the residues are all com-

posed of the sulfate salts of the base metals on which residues were initially hard

FIGURE 6.13

Residue on an aluminum frame.

FIGURE 6.14

Elemental spectrum collected of humidity detector residue.
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to rationalize. For example, their formation was judged to have most likely

occurred via the reaction of sulfuric acid solutions with the base metals on which

they reside. This reaction is displayed for the aluminum frame in the following

chemical equation.

3H2SO4 1 4AlðmetalÞ.3H2 ðgasÞ 1 2Al2 SO4ð Þ3ðsolidÞ
The findings, suggesting that a sulfuric acid solution had dropped onto the sur-

faces, were initially very confounding. Discussion with the customer revealed that

such solutions, for example, those which may have been used for aluminum

FIGURE 6.15

Elemental spectrum collected of aluminum bracket residue.

FIGURE 6.16

Elemental spectrum collected from the connector frame.
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FIGURE 6.17

Infrared spectra of the various residues (as labeled).

FIGURE 6.18

Infrared spectral database matching result of connector residue spectrum (top spectrum

is of the residue, bottom spectrum is the database match).
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conversion coat touch up, had not been applied at any point in the construction

of the system. Furthermore, the distribution of these residues, at first, seemed

unrelated as the areas in question were not in immediate proximity to each other.

Further investigation into the composition of the various components of the

system was thusly undertaken.

The only possible explanation for a source of sulfuric acid which remained,

upon review of all processing the system had undergone, was that either a sulfuric

acid solution had been used in proximity to the system by some unreported mech-

anism or that a source existed which was native to the system construction. The

later explanation seemed most likely, and it was theorized that a wet-tantalum

capacitor had been used within the system. Review of the various specifications

for the components in the system as installed by Raytheon indicated that no such

capacitors had been used during the construction of circuitry built by Raytheon.

However, it was found that the small circuit card on which the humidity detector

resided represented a commercial off-the-shelf part. As such, a careful examina-

tion of this circuit card was undertaken. The results were revealing.

Fig. 6.19 shows the presence of liquid droplets near one end of a capacitor

affixed to the humidity detector Circuit Card Assembly (CCA). It should be

pointed out that this area of the CCA was not initially visible as it was buried

deep within the system and considerable disassembly was necessary for access.

FIGURE 6.19

Capacitor on the commercial off-the-shelf humidity detector circuit card.
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Chemical analysis of the droplets using FTIR methods revealed that they were in

fact composed of highly concentrated sulfuric acid. In addition to these findings,

a simple demonstration showed when liquids were allowed to drop off the detec-

tor CCA, they landed on the connector and aluminum housing frame in a fashion

consistent with the observed residues. This finding allowed for rationalization of

formation of these residues at seemingly distinct areas.

In addition to these findings, the markings on the capacitor revealed that it

was, in fact, a sulfuric acid electrolyte wet-tantalum capacitor. Additionally, as

shown in Fig. 6.20, upon removal and disassembly, the inner chamber of the

capacitor was found to be dry. Finally, upon analysis of a cross section of the

capacitor end near the droplets found on the humid detector CCA, shown in

Fig. 6.21, the leakage path was discovered. These findings allowed for unambigu-

ous assignment of the source of the sulfuric acid that led to the residue formations.

It is worth pointing out that the potential damage that may have resulted was

surprisingly limited in this case. For example, the acid droplets which landed on

the connector could have caused significantly more damage via formation of

conductive pathways between individual pins. The fact that the damage was lim-

ited to the formation of corrosion products of the outer connector frame was for-

tunate. Additionally, if the droplets had deposited at other more electrically

sensitive areas, it is likely that a more catastrophic systems level failure would

have occurred.

Remediation included moving the card in the systems such that if a similar

incident were to occur the leaking acid would be isolated to an electrically less

sensitive area. While the card to which this capacitor is mounted fails when such

FIGURE 6.20

The inner electrolyte chamber was found to be dry.
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leakage occurs, it will not cause catastrophic system failure (loss of a system

sensor only). However, when mounted in the system as is, catastrophic system

failure is a distinct possibility as noted.

6.2.2.2 Other types of electrolyte contamination damage
The example presented in the previous section is not the most common with

regard to electrolyte contamination and electronics failures (sulfuric acid solutions

are not typically encountered during such investigations). It was chosen to high-

light the fact that during failure analyses, sources of contamination as well as the

results thereof are not always obvious.

Some of the more common sources of electrolyte contamination include

entrapment of cleaner solutions, handling, process chemicals, and solder fluxes

[17,18]. While such sources of electrolyte contamination rarely contain materials

as aggressive as sulfuric acid as presented in the previous example, these more

common sources in many cases also contain acidic compounds such as activators

found in fluxes as well as alkaline materials found in board cleaners. Such aggres-

sive compounds can also directly lead to corrosion of metals as well as create

leakage paths [19].

FIGURE 6.21

Scanning electron microscope image showing a crack along with the metal/glass seal at

the leaking end of the capacitor.
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Fig. 6.22 displays corrosion at a copper mag wire with a polymer coating

soldered to a lead. Residual water-soluble flux which was not rinsed off after

application was shown to have led to the formation of the corrosion products. The

wire in this area was completely consumed, causing an open circuit.

It is worth noting that the presence of residual water-soluble fluxes, in partic-

ular, on electronics often leads to greatly accelerated corrosion as well as short-

ing. This is in contrast to the presence of residuals of benign fluxes such as

no-clean varieties (no-clean fluxes are designed to remain on components and

boards, hence the designation “no-clean”). Additionally, while in many cases

water-soluble fluxes may be advertised as being pH neutral resulting from care-

ful buffering of the fluxes, these still, in fact, contain aggressive chemicals

including strong electrolytes. The aggressive nature of most of these fluxes

is reflected by the requirement of removal in a relatively short time after appli-

cation per the guidelines of their use.

Another common outcome of the presence of electrolyte contamination is the

electromigration of metals [20]. It is an unfortunate coincidence that metals com-

mon to electronics (e.g., tin/lead solders, copper, and silver) are those that are

most likely to form the dendritic growths associated with electromigration [21].

An example in which cleaner entrapment in a connector that led to electromigra-

tion has been presented in a previous handbook in this series [22].

Fig. 6.23 shows an example in which flux residue was found to have acceler-

ated electromigration of metals associated with a connector. The pins labeled 44

and 45 have plated copper formations on the gold coating of the pins. The dull

appearance of these pins results from the presence of copper and its oxides on the

outermost gold pin plating layer. These materials identification as well as

FIGURE 6.22

Corrosion of copper wire resulting from the presence of residual flux.
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verification of the presence of the gold under the deposits was verified using

SEM/EDS methods. Additional lead rich electromigration products are repre-

sented by the gray residues at the base of several of the pins. Additional corrosion

products, whose growth was accelerated by the presence of electrolyte contamina-

tion and applied power, are the greenish tinted residues just above the labels 25

and 26 in the figure.

In one example presented to the lab, there was disagreement between the cus-

tomer and lab personnel with regard to the formation of dendritic growths via the

electromigration mechanism. The customer held that electromigration was not

possible as deionized (DI) water had been used in a humidity chamber after which

the growths were noted. This, of course, was an improper argument as even trace

levels of electrolyte is sufficient in many cases to accelerate electromigration of

metals. The lab created a real-time movie to demonstrate electromigration of

metals on components of the same dimension of those on which the formations

were observed. This demonstration is included in the electronic version of this

publication [23] and shows in rather dramatic fashion that electromigration can

occur even when DI water is applied and can occur very rapidly.

6.3 Discussion
Contamination of electronic circuits leading to failures is both intuitive and com-

mon knowledge with examples encountered in everyday life. The examples given

FIGURE 6.23

Electromigration of metals resulting from flux contamination.
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here were chosen to highlight the fact that sources of contamination and the

effects thereof are often not straightforward. It was also the goal of the authors to

demonstrate the logical progression of the failure investigations presented as well

as providing the rational for the application of common analytical methods

employed during such analyses.

With regard to the highlighted modes of contamination via outgassing of

materials with concurrent deposition at electrically sensitive areas is, in the

authors’ opinion, an extremely important root cause of electronics failures. This is

particularly important as it is almost certainly extremely underreported in industry

as it generally requires sophisticated analytical methodologies and complex test-

ing and experimentation for root cause determination. On the other hand, in space

systems design, this is a very well-known mechanism and is factored into all

stages of development [12].

Avoidance of such failure modes starts with the understanding that such

mechanisms are more common than typically anticipated. During development

stages of product design, it essential that potential environments to which the pro-

ducts may be exposed be taken into account beyond the obvious. For example,

the authors have investigated examples in which the localized environments to

which table-top electronics used in the restaurant industry have directly led to

failures resulting from accelerated oxidation of silver coated contacts (silver sul-

fide formation) resulting from high concentrations of sulfur-containing gases from

steaming foods.

Electrolyte contamination is extremely well known and a very large driver of

failures during all stages of an electronic product’s life. During the assembly pro-

cess, chemicals such as active soldering fluxes are well-known sources of such

contamination. While in-whole the industry has improved processes and materials

to minimize electrolyte contamination during electronics production via a

multitude of approaches (e.g., the emergence of near electrolyte free “no-clean”

soldering fluxes, improved and automated cleaning processes, development of

standardized, and quick testing procedures of electrolyte contamination) the

importance of such contamination is reflected in the sheer number of investiga-

tions regarding such contamination [24].

Perhaps the most important way to avoid such contamination is process con-

trol. For example, the use of active soldering fluxes (in particular water-soluble

products) offers many advantages including simple cleaning after soldering using

water alone. However, the advantages offered by such products commonly result

from the presence of potentially deleterious electrolytes. Such cleaning of these

fluxes is typically specified within 8�24 hours of application and deviations from

such strict process controls can lead to unexpected failures (although it should be

noted that solutions can wick into small crevices and “standard” rinse and drying

processes may not adequately remove it).

The examples given herein and the logical progression of the failure analyses

reported were selected to highlight the often elusive nature of the role contamina-

tion plays in electronic device failures.

176 CHAPTER 6 The role of contamination in the failure of electronics



References
[1] W. Wolfgong, K. Wiggins, The silicone conundrum, J. Failure Anal. Prev. 10 (4)

(2010) 264�269.

[2] M. Antler, Field studies of contact materials: contact resistance behavior of some base and

noble metals, IEEE Trans. Compon., Hybrids, Manuf. Technol. CHMT-5 (1982) 301.

[3] W.J. Wolfgong, R. Ogden, B. Waller, Surface oxidation as a tin whisker growth

mechanism, Circuits Assembly 16 (12) (2005) 24.

[4] V. Khanna, Humidity and contamination effects on electronics, Extreme-

Temperature and Harsh-Environment Electronics: Physics, Technology and

Applications, IOP Publishing, Bristol, 2017, pp. 15-1�15-11.

[5] W. Rieder, G. Witter, Arc Interactions with contaminants, Electrical Contact:

Principles and Applications, Marcel Dekker, Inc., Ney York, NY, 1999, pp. 809�837.

[6] Z. Tong, Z. Dong, M. Li, A. New, Entropy Bi-cepstrum based-method for DC motor

brush abnormality recognition, IEEE. Sens. J. 17 (3) (2017) 745�754.

[7] R. El-Mahayni, K. Al-Qahtani, A. Al-Gheeth, Large synchronous motor failure

investigation: measurements, analysis, and lessons learned, IEEE Trans. Ind. Appl.

52 (6) (2016) 5318�5326.

[8] A review of a number of chemical analysis methods employed during electronics

failure analysis are available in a previous handbook of this series � W.J. Wolfgong,

Chemical analysis techniques for failure analysis Part 1, common instrumental meth-

ods, Handbook of Materials Failure Analysis: with Case Studies from the Aerospace

and Automotive Industries, Chapter 14, Elsevier, Oxford, 2016pp. 279�307.

[9] B. Reagor, L. Seibles, Structural analysis of deuterated and nondeuterated frictional

polymers using Fourier transform infrared spectroscopy and pyrolysis gas chromatog-

raphy/mass spectroscopy, IEEE Trans. Compon, Hybrids, Manuf. Technol. 1 (1)

(1981) 102�108.

[10] A. Okada, M. Toda, Influence of silicone contamination on brush-commutator con-

tacts in small-size DC motors, IEEE Trans. Compon., Hybrids, Manuf. Technol. 5

(2) (1982) 281�286.

[11] G. Cornelissen, M. Elmquist, I. Groth, O. Gustafsson, Effect of sorbate planarity on

environmental black carbon sorption, Environ. Sci. Technol. 38 (13) (2004) 3574�3580.

[12] Outgassing Data for Selecting Spacecraft Materials Online. Available for free at:

,https://outgassing.nasa.gov/. (site last checked 12.05.18).

[13] W. Kalb, Maintenance of good brush performance, Electr. Eng. 64 (12) (1945)

996�997.

[14] IPC TM-650 Test Methods Manual.

[15] P. Isaacs, J. Porto, D. Braun, T. Munson, Comparison of ionic contamination test

methods to determine their ability to reliably predict performance risks, in: 2017 Pan

Pacific Microelectronics Symposium (Pan Pacific), 2017, pp. 1�7.

[16] B. Gosse, J.P. Gosse, M. Sauviat, Interactions between solid and the ions of liquid in

impregnated paper, IEEE Trans. Electr. Insul. El-15 (2) (1980) 104�111.

[17] W.J. Wolfgong, Cleaning COTS Parts in Military Applications, Circuits Assembly,

October 2009.

[18] X. He, L. Zhou, J. Shen, A study for a typical leakage failure of PCBA with no-

cleaning process, in: 17th International Conference on Electronic Packaging

Technology (ICEPT), 2016, pp. 53�56.

177References

http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref1
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref1
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref1
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref2
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref2
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref4
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref4
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref5
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref5
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref5
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref5
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref6
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref6
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref6
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref7
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref7
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref7
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref8
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref8
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref8
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref8
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref9
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref9
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref9
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref9
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref9
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref9
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref9
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref10
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref10
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref10
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref10
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref10
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref11
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref11
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref11
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref11
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref12
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref12
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref12
https://outgassing.nasa.gov/
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref13
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref13
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref13
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref14
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref14
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref14


[19] S. Kolesar, Principles of corrosion, in: 12th International Reliability Physics

Symposium, 1974, pp. 155�167.

[20] Y. Chen, M. Hsiao, Investigation of electrochemical migration on a fine pitch BGA

package, in: 19th IEEE International Symposium on Physical and Failure Analysis of

Integrated Circuits, 2012, pp. 1�4.

[21] S. Krumbein, Metallic electromigration phenomena, IEEE Trans. Compon., Hybrids,

Manuf. Technol. 11 (1) (1988) 5�15.

[22] W.J. Wolfgong, Chemical analysis techniques for failure analysis Part 2, examples

from the lab, Handbook of Materials Failure Analysis: With Case Studies from the

Aerospace and Automotive Industries, Chapter 15, Elsevier, Oxford, 2016,

pp. 331�336.

[23] In this example the customer was insistent that because DI water had been used in a

humidity chamber no electromigration could occur from exposure to that water (not

to mention there is always some contamination transferred from the part itself as

well as the humidity chamber). The movie was created, which can be found at

https://doi.org/10.1016/B978-0-08-101937-5.00006-3, to demonstrate this phenomena

by submerging a capacitor in DI water at the conditions specified in the movie.

[24] A simple web search using terms such as “electrolyte contamination of electronics”

results in page after page of results.

178 CHAPTER 6 The role of contamination in the failure of electronics

http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref15
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref15
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref15
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref16
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref16
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref16
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref16
http://refhub.elsevier.com/B978-0-08-101937-5.00006-3/sbref16
https://doi.org/10.1016/B978-0-08-101937-5.00006-3


CHAPTER

7Analytical solutions for
electronic assemblies
subjected to shock and
vibration loadings

Mohammad A. Gharaibeh
Department of Mechanical Engineering, The Hashemite University, Zarqa, Jordan

7.1 Introduction
In service life, electronic products are prone to mechanical shock and vibration

loadings and that leads to catastrophic solder interconnects failures. For this rea-

son, the fatigue life assessment of electronic assemblies under shock and vibra-

tions has become a major concern in industry. Researchers have discovered,

developed, and conducted several experimental studies, finite element simula-

tions, and analytical solutions to study and evaluate the fatigue, that is, reliability,

performance of electronics due to shock/impact and vibration loading conditions

[1�14].

In general, for an electronic assembly under bending, studies have shown that

the solder failures are mainly due to the flexural differences between the inte-

grated circuit (IC) component and the printed circuit board (PCB) [15�17].

Wong et al. [18,19] used the two elastically coupled beams problem approach to

assess solder axial stresses due to mechanical shock and vibration. The same

problem of coupled beams was employed to compute solder stresses due to sym-

metrical static loadings [20] and concentrated forces [21,22] in the cases of full

and partial elastic couplings [23]. Perkins et al. [24] proposed the beam-spring-

mass model to characterize the dynamic properties and solder deformations of a

ceramic column grid array package subjected to harmonic vibration. Recently,

Gharaibeh et al. [25] presented the elastically coupled two-parallel-plate system

to derive the equation of motion of a vibrating assembly.

This chapter adopts the analytical solution presented by the author [25]. This

solution is employed here to solve for the free and forced problems of an elec-

tronic package under shock and harmonic vibrations. The details of this analytical

solution development and validation with experiments and finite element simula-

tions are provided in this chapter. Finally, the effect of the package geometric and

material configurations on the fatigue performance due to shock/impact loadings

are also presented.
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7.2 Test assembly details
As shown in Fig. 7.1, a squared PCB of 76.2 mm length and 1 mm thickness,

with a centrally placed 173 173 1mm3 Amkor CABGA 256 dummy component

having 280 μm height and 540 μm width eutectic 63Sn37Pb BGA solder joints, is

considered in this work. The solders are evenly separated by a 1 mm pitch.

7.3 Experimental modal analysis
The natural frequencies and mode shapes of the present test vehicle are measured

using hammer testing experiment, that is, modal analysis. The setup of this exper-

iment is depicted in Fig. 7.2. In the setup, the test piece is attached to an

Aluminum fixture at the four screw holes. An integrated circuit piezoelectric

impact hammer was used to gently hit the test sample at certain grid locations. A

lightweight accelerometer was placed at a fixed point and used to measure the

response acceleration after each hammer impact. The National Instruments data

acquisition system model 4413 (NIDAQ-4413) was used to acquire the

acceleration-to-force transfer function for each measurement point. Finally, STAR

Modal Version 7.0 [26] was adopted to produce the modal data of the test piece.

7.4 Finite element modeling
ANSYS Release 17.0 [27] was used for constructing the FE model of the assem-

bly. In this model, only 3-D hexahedron elements, specified as SOLID185 in

ANSYS package, were chosen to generate the mesh through the strategic

FIGURE 7.1

Test vehicle details.
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selection of the isoparametric mapping concept. This element type was attributed

to the PCB, component, solder joints as well as copper pads. The FE model of the

current assembly is depicted in Fig. 7.3.

FIGURE 7.2

Modal analysis experiment. ICP, Integrated circuit piezoelectric.

FIGURE 7.3

(A) Finite element model and (B) solder joint mesh and geometry.
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The assembly material properties used in the finite element analysis (FEA)

model are listed in Table 7.1. All the materials are assumed to be linear elastic

isotropic. The boundary conditions were imposed by restraining the PCB at the

top and bottom surfaces of the PCB at the screw holes’ locations in all directions,

that is, all degrees of freedom were set to 0. The constrained regions on the PCB

are equal to those fixed by the screws, standoffs, and washers of the modal analy-

sis experiment.

Three primary FEA analyses were conducted: modal, harmonic, and transient

analyses. In modal analysis, the structure natural frequencies and mode shapes

were computed. Large mass method was used to simulate base vibration. In this

method, the model is attached to a very large mass ðMÞ, then a force F5Ma

(where a is the required acceleration input level) was applied on the large mass in

the transverse direction. Additionally, a mode superposition transient analysis

using enforced motion method, available in ANSYS, was adopted to simulate the

test board response due to base excitation shock loading.

7.5 Analytical solution details

7.5.1 Free vibration

Generally, the electronic assembly can be faithfully described by a two elastically

coupled plates system [25] as depicted in Fig. 7.4, with the geometric and mate-

rial parameters listed in Table 7.2. This analytical model suggested that the PCB

is a bottom elastic plate; the component is a rigid top plate and both are con-

nected by linear axial springs. Springs here, represent the solder interconnects. In

that model and according to Ritz method, the PCB and component displacement

solutions, v x; y; tð Þ and u x; y; tð Þ, respectively, were written in series form of

admissible functions composed of multiplication of the PCB mode shapes Viðx; yÞ
or component mode shapes Uiðx; yÞ by the time-dependent generalized coordinates

ziðtÞ as:
v x; y; tð Þ5 PN

i Viðx; yÞziðtÞ
u x; y; tð Þ5 PN

i Uiðx; yÞziðtÞ
(7.1)

Table 7.1 Linear elastic material properties used in FEA model.

PCB Component Solder joints 63Sn37Pb

Young’s modulus ðGPaÞ 32.0 27.0 34.0
Poisson’s ratio 0.14 0.25 0.40
Density ðkg=m3Þ 3000 1100 8410

FEA, Finite element analysis; PCB, printed circuit board.
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FIGURE 7.4

Two elastically coupled plates problem description.

Table 7.2 Geometric and material parameters of the two elastically coupled
plates problem.

PCB (bottom plate) Component (top plate)

Deflection v x; y; tð Þ u x; y; tð Þ
Young’s modulus E1 E2

Poisson’s ratio υ1 υ2
Density ρ1 ρ2
Damping coefficient C1 C2

Plate flexural rigidity D5 Eh3
12ð12 υ2Þ D1 D2

Surface area A1 A2

Thickness h1 h2
Length and width l1;w1 l2;w2

Number of springs (solders) Ns 5 256

Spring constant Ks 5
2πrbEs
hs

tanh21
ffiffiffiffiffiffiffi
rb2rp
rb

q� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rb2rpð Þrb

p 1 1
rp

2
664

3
775
21

, see Fig. 7.3B

Solder pad radius, solder ball
radius, and standoff height

rp; rb, and hs

Solder modulus of elasticity Es

Spring (solder) position in x and y xs; ys

PCB, Printed circuit board.
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This solution states that for this continuous system, the vibration problem can

be reduced to the simple single-degree-of-freedom (SDOF) system, shown in

Fig. 7.5A, with the governing equation:

M €z1C _z1Kz5 0 (7.2)

where M;C, and K are the mass, damping, and stiffness coefficients, respectively,

and expressed as:

M5

ðð
A1

ρ1h1ViVjdxdy1

ðð
A2

ρ2h2UiUjdxdy (7.3)

C5

ðð
A1

C1ViVjdxdy1

ðð
A2

C2UiUjdxdy (7.4)

K5

ðð
A1

D1

�
VixxVjxx 1VixxVjyy 1ViyyVjxx 1ViyyVjyy

� 	

2 ð12 ν1ÞðVixxVjyy 1ViyyVjxx 2 2VixyVjxyÞgdxdy

1

ðð
A2

D2 UixxUjxx 1UixxUjyy 1UiyyUjxx 1UiyyUjyy

� 	
2 ð12 ν2ÞðUixxUjyy 1UiyyUjxx 2 2UixyUjxy

	

dxdy

1
XNs
s51

KsðUiUj 2UiVj 2ViUj 1ViVj

	
(7.5)

While the solution only considers first mode, thus i5 j5 1.

Therefore the first natural frequency, in rad/s, is:

ωo 5

ffiffiffiffiffi
K

M

r
(7.6)

FIGURE 7.5

SDOF system: (A) free and (B) with base excitation.

184 CHAPTER 7 Analytical solutions for electronic assemblies



Considering first mode analysis, thus N5 1. Therefore the first mode shape of

the PCB is:

V x; yð Þ5
XNt

n51

cð2n21Þ1sin
ð2n2 1Þπx

l1

� �
1 cð2n21Þ2sin

ð2n2 1Þπy
w1

� �

1 cð2n21Þ3sin
ð2n2 1Þπx

l1

� �
sin

ð2n2 1Þπy
w1

� �
(7.7)

where the coefficients matrix, c 2n21ð Þm, is:

cð2n21Þm 5

0:5566 0:5566 20:0691
20:0199 20:0199 20:0141
20:0153 20:0153 20:0002
20:0054 20:0054 0:0001
0:0042 0:0042 0:0004
20:0032 20:0032 0:0002
20:0020 20:0020 0:0001

2
666666664

3
777777775

(7.8)

Also, the component (rigid top plate) mode shape is:

U x; yð Þ5 1 (7.9)

It is important to mention that the subscripts in of the PCB and component

mode shapes, considering one mode analysis, were dropped for simplicity. For

further information on the procedure and the validation of the mode shape equa-

tions above, the reader is strongly encouraged to refer to reference [25].

7.5.2 Forced vibration: harmonic loading

After solving for the free vibration properties, that is, first natural frequency and

mode shapes, the analytical solution could be taken now to the next level by solv-

ing for the forced vibration problem. This section discusses the details of the har-

monic vibration problem.

Considering that the electronic system is subjected base excitation, Fig. 7.6A,

and for harmonic base input y tð Þ5 Yeîωt, where Y is the input level, ω is the driv-

ing frequency and î is the complex number. Considering the SDOF system,

Fig. 7.5B, the governing equation of this configuration is expressed as:

M €z1C _z1Kz5C _y1Ky (7.10)

As the input is harmonic, the displacement response solution is also harmonic as

z tð Þ5 Zeîωt. Therefore the displacement amplitude Z is:

Z5
Y ω2

o 1 2îζωωo

� 	
ω2 2ω2

o 1 2îζωωo

(7.11)

where C=M5 2ζωo, and is ζ the damping ratio.

1857.5 Analytical solution details



By combining the above equation with Eq. (7.1) and by considering one mode

analysis (N5 1), the PCB and component displacement responses are:

FIGURE 7.6

(A) Electronic package under base excitation, (b) two parallel plates under base excitation

schematic (side view), and (C) half-sine wave shock pulse (1500 g input level and 0.5-ms

duration).
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v x; y; tð Þ5Vðx; yÞ Y ω2
o 1 2îζωωo

� 	
ω2 2ω2

o 1 2îζωωo

 !
eîωt (7.12)

u x; y; tð Þ5Uðx; yÞ Y ω2
o 1 2îζωωo

� 	
ω2 2ω2

o 1 2îζωωo

 !
eîωt (7.13)

Or if considering acceleration base input €y tð Þ52ω2Yeîωt5 €Yeîωt, where
€Y 52ω2Y is the acceleration input:

v x; y; tð Þ5Vðx; yÞ
€Y

2ω2

� �
ω2
o 1 2îζωωo

ω2
o 2ω2 1 2îζωoω

 !
eîωt (7.14)

u x; y; tð Þ5Uðx; yÞ
€Y

2ω2

� �
ω2
o 1 2îζωωo

ω2
o 2ω2 1 2îζωoω

 !
eîωt (7.15)

Now the solder axial deflection is simply:

Δðx; y;ωÞ5 U x; yð Þ2V x; yð Þ½ �
€Y

2ω2

� �
ω2
o 1 2îζωωo

ω2
o 2ω2 1 2îζωoω

 !
(7.16)

Considering the solder deflection at resonance ðω5ωoÞ, thus:

Δrðx; y;ωoÞ5 U x; yð Þ2V x; yð Þ½ � 2 €Y ð11 2îζÞ
2îζω2

o

 !
(7.17)

At this stage of the analysis, the analytical solution was used to mathematically solve

for the free vibration characteristics of the electronic assembly as well as for the har-

monic base excitation problem. As will be shown next, this solution is expanded to

solve for transient response of the electronic structure due to impact or shock loading.

7.5.3 Forced vibration: shock loading

Generally, if the electronic package was subjected to base excitation yðtÞ through
the mounting fixture, as depicted in Fig. 7.6A, then the PCB and component deflec-

tions (relative motions) of the two plates system Fig. 7.6B can be written as:

v x; y; tð Þ5 vtot x; y; tð Þ2 yðtÞ
u x; y; tð Þ5 utot x; y; tð Þ2 yðtÞ (7.18)

where vtotðx; y; tÞ and utot x; y; tð Þ are the PCB and component total (or absolute)

motions, respectively. As proved by Gharaibeh, if this continuous system is sub-

jected to base excitation, the vibration problem can be trustfully reduced to the

problem of the simple SDOF system under base excitation yðtÞ. Considering the rel-

ative displacement z tð Þ, the governing equation of this system can be expressed as:

M €z tð Þ1C _z tð Þ1Kz tð Þ52M €yðtÞ (7.19)
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where M;C; and K are the mass, damping, and stiffness coefficients, respectively,

and given by Eqs. (7.24)�(7.27).

By dividing both sides of Eq. (7.19) by M, the equation of motion of the

SDOF system becomes:

€z tð Þ1 2ζωo _z tð Þ1ω2
oz tð Þ52 €yðtÞ (7.20)

where ζ5C=2Mωo is the damping ratio.

Eq. (7.20) represents the equation of motion of a drop test where €yðtÞ is the

input shock acceleration profile. Considering the half-sine wave input

€y tð Þ5Gosin πt=ts
� 	

where Go is the excitation amplitude (level) and ts is the pulse

duration, as in Fig. 7.6C. Therefore:

€z tð Þ1 2ζωo _z tð Þ1ω2
oz tð Þ5

2Gosin
πt
ts

0
@

1
A 0# t# ts

0 t. ts

8>><
>>: (7.21)

For an underdamped system (ζ, 1) and if the system is initially at rest, the

solution of the ordinary differential equation (ODE) of Eq. (7.21) can be

expressed as a linear combination of the homogeneous solution zhðtÞ and the par-

ticular solution zpðtÞ for 0# t# ts, as:

z tð Þ5 zh tð Þ1 zpðtÞ (7.22)

where the homogeneous solution is the solution of the homogeneous part of the

ODE of Eq. (7.21):

€z tð Þ1 2ζωo _z tð Þ1ω2
oz tð Þ5 0 (7.23)

Using the ODE solutions basics, thus:

zh tð Þ5 e2ζωot α1cos ωdtð Þ1β1sinðωdtÞð Þ (7.24)

where ωd 5ωo

ffiffiffiffiffiffiffiffiffiffiffiffiffi
12 ζ2

p
is the damped natural frequency of the system; α1 and β1

are constant coefficient to be determined from the initial conditions

(z 0ð Þ5 _z tð Þ5 0), rememebering that the system is initially at rest.

Additionally, the particular solution can be obtained using the method of

undetermined coefficients. Thus:

zp tð Þ5 Go

α2 1 β2
αcos

πt
ts

� �
2βsin

πt
ts

� �� �
(7.25)

where:

α5 2ζωo

π
ts

β5ω2
o 2

π
ts

 !2 (7.26)
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Now, by combining the homogeneous solution of Eq. (7.24) and the particular

solution of Eqs. (7.25)�(7.26) and applying the initial conditions, the α1 and β1

constants can be written as:

α1 52Go

α
α2 1 β2

β1 5
1

ωd

Go

α2 1β2
β
π
ts
2 ζωoα

0
@

1
A (7.27)

Considering the system after the shock ends (t. ts), the equation of motion

becomes:

€z tð Þ1 2ζωo _z tð Þ1ω2
oz tð Þ5 0 (7.28)

The solution of the above homogeneous ODE can be generally expressed as:

z tð Þ5 e2ζωot α2cos ωdtð Þ1 β2sinðωdtÞð Þ (7.29)

where α2 and β2 are constant coefficients to be determined from z t5 tsð Þ and

_zðt5 tsÞ from the solution of Eqs. (7.24)�(7.27). Thus the constants are:

α2 5
1

e2ζωots
z tsð Þcos ωdtsð Þ2 1

ωd

_zðtsÞsinðωdtsÞ
0
@

1
A

β2 5
1

e2ζωots
z tsð Þsin ωdtsð Þ1 1

ωd

_zðtsÞcosðωdtsÞ
0
@

1
A

(7.30)

Keeping in mind that z tsð Þ and _zðtsÞ are to be calculated from the solution of

0# t# ts.

Now, by combining the zðtÞ solutions with Eq. (7.1), and by considering one

mode analysis (N5 1), the PCB and component time-dependent displacements

are:

v x; y; tð Þ5V x; yð ÞzðtÞ
u x; y; tð Þ5U x; yð ÞzðtÞ (7.31)

At this point of the derivation process, the solder joint axial deflection, which is

generally the difference between the component and PCB deflections, can be

obtained as:

Δ x; y; tð Þ5 ½U x; yð Þ2V x; yð Þ�zðtÞ (7.32)

In summary, the above equation can be used to calculate the axial deflections

of any solder interconnect available in the electronic assembly as a function of

time.
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7.6 Results and discussions

7.6.1 Free vibration: natural frequencies and mode shapes

The results of the current analytical solution were compared with FEA in terms

of the first natural frequency and mode shape. For mode shape correlation, the

modal assurance criterion (MAC) number between analytical and FEA mode

shapes was calculated as:

MAC Vj; V̂k

� 	� �
5

Vj
TV̂k



 

2
Vj

TVjV̂k
T
V̂k

(7.33)

where Vj is the analytical mode shape vector from j5 1 to j5 no. of mode shapes

and V̂k is the finite element mode shape vector from k5 1 to k5 no. of mode

shapes.

The natural frequency and mode shape correlation results are listed in

Table 7.3 and mode shapes are plotted in Fig. 7.7. The correlation results showed

good agreement between the analytical, FEA, and experimental solutions in terms

of natural frequencies and mode shapes (MAC) for the first vibratory mode.

Additionally, it is important to mention that the modal damping ratio of the

first mode is obtained as 0:55% as extracted from the modal analysis experiment.

This value was used in further analysis as will be shown in subsequent sections of

this chapter.

7.6.2 Forced vibration: harmonic loading

7.6.2.1 Corner solder joint deflection validation
As the outermost solder is the most damaged solder in the assembly, the analysis

in this work is limited for this critical interconnect. The results of Eqs. (7.16) and

(7.17) were compared with FEA models data for the outermost solder joint at 1 g

base excitation and damping ratio of 0:55%. In FEA, the solder deflection was

calculated by subtracting PCB nodal response from the component nodal

response. The results of this comparison are shown in Fig. 7.8. Also, the solder

resonance deflections are listed in Table 7.4.

Table 7.3 Free vibration correlation results: first natural frequency and mode
shape.

Natural frequency (HzÞ MAC number

Analytical FEA Experiment Analytical/FEA Analytical/experiment

579 576 566 0.99 0.97

FEA, Finite element analysis.
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The comparison results showed that the analytical solution precisely estimates

the maximum deflection of the outermost joint, that is, at resonance, with only

10% approximate error.

In summary, the present analytical solution is faithfully able to simulate the

assembly dynamic characteristics and accurately enough estimates solder deflec-

tions due to harmonic base vibration.

7.6.2.2 Critical solder joint stress analysis
The so validated analytical solution was used to study PCB and solder joint geo-

metric and material configuration effect on solder stresses due to harmonic vibra-

tion. For this study, one parameter is changed at a time with respect to all other

parameters. Also, the solder stresses for each case were computed at resonance

frequency for a 2 g harmonic base vibration input with 0:55% damping ratio. The

solder axial stresses (σs) were analytically calculated through the simple Hooke’s

law equation (σs 5EsEs), where solder axial strain (Es) was obtained from the

FIGURE 7.7

First mode shapes of the test vehicle from (A) experiment, (B) finite element analysis

model, and (C) analytical solution.
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definition that the solder strain is the ratio between the solder change in length,

i.e. deflection, and the solder original standoff height.

7.6.2.2.1 Printed circuit board stiffness: thickness and modulus of
elasticity

The first parameter studied was the stiffness of the PCB. Specifically, PCB elastic

modulus and thickness. First, a wide range of board modulus of elasticity was

considered. As shown in Fig. 7.9A, the stiffer PCB can significantly reduce solder

axial stresses. The second factor is PCB thickness. The results depicted in

Fig. 7.9B showed that doubling the board thickness from 1 to 2 mm can reflect in

more than four times solder stress reduction. To this instance, the stiffer PCB

structure will cause less board bending and hence lower solder deformations and

stresses. Therefore stiffer board can significantly improve electronic assembly

fatigue performance due to harmonic vibration loading.

Table 7.4 Outermost solder joint deflections at resonant frequency due to
harmonic base vibration.

Analytical FEA %Error

Solder axial deflection (μmÞ 0.221 0.201 9.9

FEA, Finite element analysis.

FIGURE 7.8

Outermost solder joint axial deflection response. FEA, Finite element analysis; PCB,

printed circuit board.
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FIGURE 7.9

Effects of PCB stiffness: (A) elastic modulus and (B) thickness on solder stresses. PCB,

Printed circuit board.
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FIGURE 7.10

Effect of solder ball (A) diameter and (B) height on solder stresses.
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7.6.2.2.2 Solder joint geometry: standoff height and diameter

It is strongly believed that solder joint shape has a significant effect on solder

stresses. In this study, the solder diameter and height were changed while keeping

solder volume as well as pad size constant. Then, solder joint nominal stresses

versus solder diameter and height were plotted in Fig. 7.10A and B, respectively.

From the figure, it appears to be that the fatter joint (joint with larger diameter)

will have higher stresses. In contradiction, the taller joint can have lower stresses.

In conclusion, a solder joint with smaller diameter and larger standoff height will

exhibit lower stresses and hence better fatigue life under harmonic vibration

loading.

7.6.3 Forced vibration: impact loading

7.6.3.1 Corner solder joint deflection
In this correlation step, Eq. (7.32) was used to obtain the time-history axial

deflection of the outermost solder interconnect due to JEDEC B-condition of

JESD B111 standard half-sine wave acceleration of 1500 g input level and 0.5-

ms pulse duration using ζ5 0:55%. This damping ratio value was extracted from

the modal analysis test. The analytically derived solder response was compared

with that of FEA simulations due to the same lading damping conditions, as pre-

sented in Fig. 7.11. This comparison showed that the solder axial deflections of

the analytical solution are in well agreement with FEA solder deflections.

Additionally, the relative approximate error between two solutions of the maxi-

mum solder deflection is about 16%, as listed in Table 7.5.

FIGURE 7.11

Axial deflection of the outermost corner solder joint due to shock loading. FEA, Finite

element analysis.
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7.6.3.2 Critical solder joint stress analysis
The presently correlated analytical solution was further used to test the various

geometric and material properties of the PCB and solder interconnect effect on

the electronic system fatigue behavior in shock loading environments. This was

achieved based on the evaluation of outermost corner solder axial stress value.

Again, the solder axial stresses (σs) were analytically calculated through the sim-

ple Hooke’s law equation (σs 5EsEs), where solder axial strain (Es) was obtained
from the definition that the solder strain is the ratio between the solder change in

length, that is, deflection, and the solder original standoff height. Unless other-

wise stated, only absolute values of the outermost solder maximum axial deflec-

tions, strains, and stresses were in considered in the present analysis.

In this investigation, one geometric or material parameter was changed while

all other parameters remain unchanged. The loading condition considered here is

a half-sine wave impact profile of 1500 g amplitude and 0.5-ms duration (JEDEC

B-condition) and 0:55% damping ratio value, unless otherwise stated.

7.6.3.2.1 Printed circuit board stiffness: thickness and modulus of
elasticity

In an electronic device, the stiffness of the PCB plays an important role in the

fatigue life, that is, the reliability of the product. In this paper, the PCB stiffness

effect was tested based on the thickness and the modulus of elasticity. The solder

axial stresses were analytically computed for a wide range of thickness and modu-

lus, as depicted in Fig. 7.12. The results showed that the stiffer PCB, that is,

thicker and of higher elastic modulus value, could significantly reduce solder

stresses, and therefore enhance the fatigue performance of electronics in mechani-

cal shock environments.

7.6.3.2.2 Solder joint geometry: standoff height and diameter

Researchers always believed that the solder geometry could highly affect the sol-

der reliability behavior. Therefore the present analysis used the so-developed ana-

lytical solution to evaluate the solder geometry, that is, standoff height and

diameter, effect on the axial stresses. The results are in Fig. 7.13. In this investi-

gation, the solder height and diameter were varied while the solder volume kept

unchanged. The results say that the thinner and taller solders might possess lower

stresses, and hence, better reliability and fatigue life in impact loadings.

Table 7.5 Maximum axial deflections of the outermost solder interconnect
due to shock loading.

Analytical FEA %Error

Solder axial deflection (μmÞ 2 1.393 2 1.686 15.52

FEA, Finite element analysis.
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7.6.3.3 Solder stress response spectrum
In shock analysis, it is often convenient to characterize and plot the maximum

absolute value of the system’s time response versus the undamped natural

FIGURE 7.12

PCB stiffness effect on solder axial stresses: (A) elastic modulus and (B) thickness.
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frequency (or the undamped natural period) of the system. This characterization is

called shock response spectrum (SRS). In this paper, the SRS of the most-critical

solder interconnect axial stress is obtained. To achieve this, for an SDOF system,

FIGURE 7.13

Solder joint geometry effect on solder axial stresses: (A) height and (B) diameter.
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we substitute ωo 5 2π=τo and ωd 5 ð2π=τoÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
12 ζ2

p
, where τo is the undamped

natural period of the SDOF system, in Eqs. (7.24)�(7.27) and Eqs. (7.30)�(7.31).

Therefore for 0# t# ts, the homogenous and particular solutions, respectively,

are

zh tð Þ5 e2ζωot α1cos 2π
ffiffiffiffiffiffiffiffiffiffiffiffiffi
12 ζ2

q
t
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� �
1 β1sin 2π
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and

zp tð Þ5 Go

α2 1 β2
αcos

πt
ts

� �
2 βsin
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(7.35)
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2 π
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Also, after the shock ends (t. ts), the solution becomes:

z tð Þ5 e2
ζ2πt
τo α2cos 2π
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12 ζ2

q
t

τo

� �
1β2sinð2π

ffiffiffiffiffiffiffiffiffiffiffiffiffi
12 ζ2

q
t

τo
Þ

� �
(7.38)

where:
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Again, z tsð Þ and _zðtsÞ are to be determined from the solution for 0# t# ts of

Eqs. (7.34)�(7.37).

Thus by combining the above equations with Eqs. (7.31) and (7.32) as well as

Hooke’s law discussed previously, the solder joint stress can be determined

accordingly. As now the solder ball axial stresses are expressed in terms of ts=τo
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(shock duration to the undamped natural period ratio), the maximum absolute

stress value of the most-critical solder interconnect (σs;max) can be calculated for

several ts=τo ratios as shown in Fig. 7.14. From this figure, it can be observed

that the maximum value of σs;maxD280 MPa occurred at ts=τoD0:75. It is highly
preferable to perform the drop test at such condition to ensure maximum damage

case scenario, if possible. Another observation can be made here is that it is very

important, in a drop reliability test, to precisely control the shock duration

throughout the consecutive drops in the test. Otherwise, erroneous fatigue (or reli-

ability) data would be generated.

7.7 Conclusion

This chapter presented an analytical solution for the problem of electronic assem-

blies subjected to shock and vibration loadings. A previously developed solution

was adopted. The results of this analytical solution were in great match with

experiments and finite element simulations in terms of free and forced vibration

properties. Using this approach, a thorough investigation of the fatigue perfor-

mance of electronic assemblies under shock and vibration loadings was intro-

duced. This reliability assessment study showed that stiffer PCB structures as

well as taller and thinner ball grid array solders could reasonably improve the

FIGURE 7.14

Most-critical solder joint axial stress response spectrum.
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reliability behavior, that is, fatigue life, of electronic devices subjected to such

mechanical loadings. Such findings are considered to be very useful in the design

of electronic products in mechanical shock and vibration environments.

Nomenclature
A1;A2 surface area of PCB, component

C1;C2 damping coefficient of PCB, component

D1;D2 flexural rigidity of PCB, component D5 Eh3

12ð12 υ2Þ
E1;E2, Es elastic modulus of PCB, component and solder joint

Go shock amplitude

h1; h2 thickness of PCB, component

Ks solder axial stiffness

N number of mode shapes used in Ritz solutions

Nt number of terms used in PCB first mode shape

ts shock duration

M;K;C system mass, stiffness, and damping coefficient

rp; rb; h pad width, solder radius, and solder height

l;w PCB length and width

u x; y; tð Þ; vðx; y; tÞ deflection of component, PCB

utot x; y; tð Þ; vtotðx; y; tÞ total deflection of component, PCB

U x; yð Þ;Vðx; yÞ mode shape of component, PCB

y tð Þ; _yðtÞ; €yðtÞ base displacement, velocity and acceleration

ysðxÞ solder joint profile function

zh tð Þ; zpðtÞ homogenous and particular solutions of the equation of motion

Vxx, Vyy, Vxy partial derivatives: @2v
@x2,

@2v
@y2,

@2v
@x@y

Uxx, Uyy, Uxy partial derivatives: @2u
@x2,

@2u
@y2,

@2u
@x@y

ν1; ν2 Poisson’s ratio of PCB, component

ρ1; ρ2 density of PCB, component

Δ;Δr most-corner solder joint deflection response, resonant

ziðtÞ time-dependent function

ζ first mode damping ratio

τo undamped natural period time

σs; Es outermost solder axial stress, strain

ω;ωo;ωd angular driving frequency, system angular first natural frequency,

system angular first damped natural frequency
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8.1 Introduction
The stretchable electronic circuit (SEC) is a technology which has been improved

from a rigid printed circuit board to be bendable, twistable, and stretchable [1,2].

The flexible, soft, and stretchable electronics devices are becoming very common

today and use in various applications of health care, energy, and military purposes.

The advantages of SEC are flexible for human body application and improve the

reliability of the devices subjected to strain [3�5]. Its application is mostly for a

sensor like strain sensor, robotic skins, and wearable displays [6�8]. Several tech-

niques were used to pattern the conductors on an SEC, but nowadays, digital print-

ing techniques are commonly used [9]. The stretchable devices are generally also

achieved by engineered shapes and elastic substrates. These substrates are intrinsi-

cally stretchable and are used to develop the circuit boards due to their unique abil-

ity to join with flexible materials and curved surfaces. A lot of methods have been

described by various scientists to manufacture a stretchable electronics system, but

the most common method is the use of intrinsically stretchable materials.

Stretchable electronics circuit mainly consists of flexible or stretchable sub-

strates [i.e., polydimethylsiloxane (PDMS) and Walopur thermoplastic polyure-

thane (TPU)], flexible or stretchable conductive ink as a circuit like Ag, Cu, Ag-

PDMS, and electronic components (i.e., LED, transistor, resistor, capacitor, and

integrated circuit). Elastomers like natural rubber, styrene butadiene rubber,

ethylene-propylene-diene monomer, polyurethane, TPU, and predominant PDMS

are often used as soft substrates in many electronic devices and reversibly suf-

fered high deformations greater than 200% strain [10]. However, this method

shows low electrical mobility and high electrical resistivity of the devices.

Researchers have shown interests in the development of the stretchable circuit

and substrate since both elements are the key aspect to control the stretchability

of the SEC. The other methods of manufacturing SEC are wavy structural
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configuration [11], fractal design [12,13] and mesh, interconnected island

[14�16], origami or kirigami structures. These methods are used to improve the

tensile capacity of intrinsically stretchable conductors and allow the use of con-

ductive bulk metals in stretchable electronics [17].

The stretchability is controlled by changing two parameters that are stretchable

material and stretchable design used for both the substrate and conductor [1,7].

These materials are widely used to print the integrated circuit, and previous

research shows interest on its conductivity only which said still can be improved

[18]. The stretchability controlled by design shows the stretchable conductor were

studied in terms of (1) geometry by controlling the width and thickness and (2) dif-

ferent printing shape of the circuit by introducing horseshoe shape as the best

design to reduce the plastic strain. Besides, the substrate design was studied by Ref.

[19] that has introduced (3) sandwich structure of substrate material that covers the

whole part of the conductor to extend the failure limits of the conductor. However,

the previous study shows a lack of information regarding the stretchability control

by design for the materials related to our study, which are silver nanoparticles and

nanocomposites. The novelty of the research is on the performance of the new for-

mulated silver nanoparticles in combination with PDMS rubber known as Ag-

PDMS conductive ink that is still under improvement as a new material to be

developed for the stretchable circuit application. The most challenging part in the

research is on the reliability of the experimental result in order to characterize the

material properties using tensile testing for the new material that is made up from

liquid and used as a thin film in an application. Besides, the reliability of the simu-

lation result is also challenging since the experimental technique used to validate

the result is crucial in terms of the interpretation of the obtained data.

Fundamental studies were done in this chapter to know the limitation of the

SEC in application as a basic circuit geometry and a thermal sensor circuit using

both experimental and finite element analysis (FEA). The research is limit to the

analysis for Ag-PDMS conductive ink as the conductor material. The preliminary

study is on controlling the stretchability by design for Ag-PDMS conductive ink

as the circuit material in application as three simple shapes (i.e., rectangular, zig-

zag, and horseshoe) and as a complex thermal sensor circuit. Several material

models in combination with universal tensile test have been selected to define the

material properties of the Ag-PDMS conductive ink. The result is presented in

terms of maximum equivalent stress and percentage of equivalent plastic strain

for the three simple shapes and the application as a thermal sensor circuit.

8.2 Experimental procedure

8.2.1 Sample preparation

The sample was prepared for universal tensile testing in the form of a small

straight specimen. The stress�strain behavior of a material can also be evaluated
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by using tensile testing. The obtained stress�strain data were then analyzed to

obtain the material constant for the Neo-Hookean model that is used as the input

parameter for FEA. There are two types of samples involved in this study, namely

substrate and conductive ink. The substrate is made up of silicone rubber known

as PDMS as the major substance, and conductive ink is prepared from silver (Ag)

flakes as the primer substance with the addition of PDMS for the binder known

as Ag-PDMS conductive ink.

PDMS substrate is prepared according to Norhidayah et al. [20]. Briefly, the

samples were prepared by mixing PMDS liquid with fume silica solution. A cata-

lyst dibutylin dilaurate was then added to boost the reaction. The bubbles pro-

duced after the reaction were allowed to pass out and then the mixture was

poured into the mold. Finally, the substrate was solidified at room temperature

and removed after 24 hours. Ag-PDMS conductive ink can also be prepared in a

similar way as that of PDMS substrate. The only difference is that Ag flakes are

used without the addition of toluene instead of fume silica.

8.2.2 Printing process of circuits

The printing process of a circuit can be done in three main steps:

1. screen mesh fabrication,

2. conductive ink preparation, and

3. printing and curing process.

The screen mesh fabrication is based on the desired circuit pattern. It controls

the penetration of the ink and ensures that a uniform thickness of the ink has

printed on the substrate. The circuit pattern is then modeled where the top view

sets as a reference to estimate the dimensions of the circuit. The conductive ink

needs to be prepared before the printing process, and finally the printing and cur-

ing process takes place according to the required specification to form a func-

tional circuit.

8.2.3 Universal tensile testing

The five specimens of PDMS substrate and Ag-PDMS conductive ink were cut

into strips of (503 53 0.5) mm3 size (Fig. 8.1A) and (153 53 0.5) mm3 size

(Fig. 8.1B), respectively. The American Standard Testing Machine D412

(ASTM D412) was used with some modifications. The testing was conducted

under 5-kN load cell and cross-head speed of 10 mm/min at room temperature.

The engineering stress�strain data were directly obtained from experimental

results. Table 8.1 shows the testing parameters for PDMS substrate and Ag-

PDMS conductive ink.
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8.3 Stress�strain analysis of substrate and conductive ink
The material properties for PDMS substrate and Ag-PDMS conductive ink were

represented by the Neo-Hookean model and multilinear plastic model, respec-

tively. Neo-Hookean model is the simplest model for fully elastic materials (non-

linear elastic) and requires the material constant, C1 (MPa) while Multilinear

plastic model is only suitable for fully plastic materials (nonlinear plastic) and

needs Young’s modulus, stress, and plastic strain data.

FIGURE 8.1

Tensile testing samples for (A) PDMS substrate and (B) Ag-PDMS conductive ink.

Table 8.1 Testing parameters for the universal tensile test of substrate and
conductive ink.

Parameter Substrate Conductive ink

Specimen type Straight strip Straight strip
Specimen size, L3W3 t (mm3) 503 530.5 153 53 0.5
Loading rate (mm/min) 10 10
Instron load cell (kN) 5 5
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8.3.1 Neo-Hookean model

The curve fitting technique was used to calculate the material constant C1 from

the engineering stress�strain curve developed by FEA software. From the engi-

neering stress�strain data, the value of shear modulus (G) is also obtained as

0.16 MPa. The other method to calculate C1 is the reverse engineering method

that starts with the Neo-Hookean model engineering stress, σeng (MPa) formula as

presented in Eq. (8.1) [21]. Eqs. (8.2) and (8.3) are used to calculate the values of

stretch ratio and shear modulus, respectively.

σeng 5 2C1 λ2
1

λ2

� �
(8.1)

λ5 εeng 1 1 (8.2)

G5 2C1 (8.3)

where C1 is the Neo-Hookean model constant (MPa), λ is the stretch ratio, εeng is
the engineering strain for Neo-Hookean model (mm/mm), and G is the shear

modulus (MPa).

8.3.2 Multilinear plastic model

Multilinear plastic model for Ag-PDMS conductive ink requires engineering

stress versus plastic strain curve where the plastic strain value needs to be con-

verted from experimental stress�strain data for FEA input parameter. The formu-

lae involve in defining the material properties under the multilinear plastic model

are listed in Eqs. (8.4) and (8.5).

εplastic 5 εtotal 2
σeng

Eyield

� �
(8.4)

E5
σy

εy
(8.5)

This plastic model uses the yield stress at 0.20 MPa for Ag-PDMS conductive

ink obtained by universal tensile testing. The Poisson’s ratio is also assumed as

0.37. The material models and properties for the whole material involved in the

research are summarized in Table 8.2.

8.4 Finite element analysis
There are few steps involved in FEA such as modeling of geometry followed by

meshing, setting the boundary condition and postprocessing analysis in order to

obtain the results of a simulation. The analyses were conducted on general shape

geometries and a model of a thermal sensor circuit.

2098.4 Finite element analysis



8.4.1 Modeling and meshing of different printing shapes models

FEA modeling was done in two stages. First, the analyses were conducted on

three simple and basic geometries in a circuit that are of horseshoe, zigzag, and

rectangular shapes. The models of these geometries are shown in Fig. 8.2. These

geometries were created by using Solidwork 2015 (SW 2015).

Table 8.2 Material model and properties for the simulation.

Component Model Material properties required

PDMS substrate Neo-Hookean
hyperelastic

Engineering stress�strain data
G5 0.16 MPa

Ag-PDMS
conductive ink

Multilinear plastic E51.56 MPa
v5 0.37
Engineering stress vs plastic strain data at
σy5 0.20 MPa

FIGURE 8.2

Image for three different printing shapes with rectangular, zigzag, and horseshoe,

respectively.
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Fig. 8.2 illustrates the three different printing shapes of substrates having an

area of 100 mm3 16.75 mm and 0.5 mm thickness. The conductive ink was mod-

eled as 1.5 mm wide and 0.018 mm thick for all the three shapes.

The second category in FEA modeling is the analysis of a complex thermal

sensor circuit, a sensor prototype developed by industry, consisting of a substrate

and conductor. The thermal sensor circuit was also modeled in SW 2015. Fig. 8.3

represents the geometry of a thermal sensor circuit made up of 80 mm3 80 mm

area of the substrate with 0.5 mm thickness and 0.018 mm width and 0.51 mm

thickness of conductive ink.

After designing, meshing was done by creating several elements in 3-D mod-

els. The meshing involves two types of meshes that are global and individual

mesh. Global mesh function is used to control the whole model, and individual

mesh is restricted for certain part in the model. The meshing setup parameters are

summarized in Table 8.3.

The sizing option was used to control the element size in order to optimize the

number of elements and shorten the time taken for analysis. The element midside

nodes are set as “Dropped” in order to control the meshing element. The body

sizing for individual mesh was utilized to control the size of the conductive ink

FIGURE 8.3

Geometry of a thermal sensor circuit.
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and set to be as 0.3 mm. The accuracy of results can be increased by changing

the size of elements of individual mesh, that is, by controlling the size of conduc-

tive ink. Several trials and errors were done to obtain the optimum mesh size.

8.4.2 Boundary conditions

8.4.2.1 Printing circuits
The boundary conditions used for three different circuit printing are schematically

shown in Fig. 8.4. In Fig. 8.4A, horizontal loading is applied in the direction of

basic geometry circuit and shown that the model is fixed at one end, that is,

y5 0 mm while displacement (ΔL) is applied at the other end, that is, y5ΔL

mm. The displacements on x-axis and z-axis are set to free. Similarly, Fig. 8.4B

Table 8.3 Controlled parameters in the meshing process.

Section Parameter Details Value

Global mesh Sizing Minimum size Default
Maximum size 1.0 mm

Advanced Element midside nodes Dropped
Individual mesh Body sizing Element size 0.3 mm

FIGURE 8.4

Schematic diagram for boundary condition used for (A) horizontal and (B) vertical loading

direction of a basic geometry circuit.
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shows that the model is fixed in the horizontal direction at one end (x5 0 mm)

due to vertical loading and displacement (Δx) is applied at the other end

(x5ΔL mm). The displacements in other y-axis and z-axis are set to free.

According to Gonzalez et al. [22], the change in displacement ΔL is set to be

10% of the length of the respective model due to the application of SEC which

resulted in a 10% strain.

8.4.2.2 Thermal sensor circuit
The boundary conditions for a thermal sensor circuit are shown in Fig. 8.5 based

on three conditions that are uniaxial horizontal loading, uniaxial vertical loading,

and biaxial loading.

Fig. 8.5 shows that the model is fixed at the nodes only at the center of the

model to avoid model rotation. The load applied is according to Eq. (8.6) until

FIGURE 8.5

Boundary condition of a thermal sensor circuit design for (A) uniaxial horizontal loading,

(B) uniaxial vertical loading, and (C) biaxial loading with fixed one node.
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Eq. (8.8). The total loading, ΔLTH for uniaxial horizontal direction can be calcu-

lated from Eq. (8.7) while Eq. (8.8) is used to calculate the total loading, ΔLTV
for the uniaxial vertical direction. The biaxial loading can be obtained by adding

Eqs. (8.7) and (8.8).

ΔL1H 5ΔL2H 5ΔL1V 5ΔL2V 5 40 mm (8.6)

ΔL1H 1ΔL2H 5ΔLTH 5 80 mm (8.7)

ΔL1V 1ΔL2V 5ΔLTV 5 80 mm (8.8)

ΔLTH 1ΔLVH 5 160 mm (8.9)

8.4.3 Analysis using the simulation process

The analysis using simulation process requires the result validation process before

starting an analysis on the actual model. The simple rectangular model was first

created and meshed followed by simple boundary conditions shown in Fig. 8.6.

FIGURE 8.6

Rectangular models with (A) mesh and (B) boundary condition for the result validation

process.
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The stress�strain results were then analyzed for the simple block. The simula-

tion results were compared with the experimental results. The software setup is

only valid when the simulation stress�strain results match with the experimental

stress�strain data for both substrate and conductive ink.

The result validation process data need to be converted into engineering

stress�strain data to give similar result as experimental data. The conversion

requires several formulas as listed in Eqs. (8.10)�(8.13).

εtrue 5 ln 11 εeng
� 	

(8.10)

εeng 5 expεtrue 2 1 (8.11)

λ5 expεtrue (8.12)

σtrue 5 2 λ2 2
1

λ

� �
C1 (8.13)

However, the actual models were analyzed in three different geometries such

as straight, zigzag, and horseshoe shapes. The complex thermal sensor circuit con-

sists of a substrate, and conductive ink was only designed for preliminary study.

There were three case studies involved that are:

1. Characterization of material properties by using the Neo-Hookean model for

PDMS substrate and multilinear plastic model for Ag-PDMS conductive ink.

2. The effect of geometry on the stress�strain behavior of the PDMS substrate

and Ag-PDMS conductive ink.

3. Stress�strain analysis for a thermal sensor circuit under

a. different loading directions for the PDMS substrate and Ag-PDMS

conductive ink, and

b. different material for the conductor includes comparison on Copper and

Ag-PDMS conductive ink in application with PDMS substrate.

8.5 Results and discussion

8.5.1 Material properties of stretchable electronic circuit material

A uniaxial tensile test was conducted on a prepared PDMS substrate and Ag-

PDMS conductive ink at room temperature. Fig. 8.7 demonstrates the experimen-

tal results for both materials represented by the engineering stress�strain curves.

The maximum stresses of the substrate and conductive ink before failure are 0.49

and 0.37 MPa, respectively. The PDMS substrate contains higher stress at 200%

strain while Ag-PDMS contains lower stress at 400% strain. Both materials con-

tain different curve patterns like PDMS substrate shows a nonlinear curve while

Ag-PDMS conductive ink has linear and nonlinear curves.

The nonlinear curve of the PDMS substrate can be represented by the hypere-

lastic model that returns into initial position after load removal. The material

2158.5 Results and discussion



property for the PDMS substrate is defined under the Neo-Hookean model in

ANSYS software. Table 8.4 shows the values of different material properties of

the substrate and conductive ink used in Neo-Hookean and multilinear plastic

models. The PDMS substrate analysis under the Neo-Hookean model was vali-

dated using the experimental data and concluded both results were limited to

200% strain as shown in Fig. 8.8.

8.5.2 Deformation behavior of stretchable electronics circuit

In order to assess the stress�strain behavior of the PDMS substrate and Ag-

PDMS conductive ink, three different printing designs (i.e., horseshoe, zigzag,
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FIGURE 8.7

Stress�strain curve of PDMS substrate and Ag-PDMS conductive ink under universal

tensile test condition.

Table 8.4 Material model and required material properties for the
simulation.

Component Model Material properties required

PDMS substrate Neo-Hookean Engineering stress�strain data
G5 0.16 MPa

Ag-PDMS
conductive ink

Multilinear plastic E5 1.56 MPa
v5 0.37
Engineering stress vs plastic strain data at
σy5 0.2 MPa
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and rectangular) were analyzed in horizontal and vertical loadings and 10% strain

were reported.

Fig. 8.9 shows the maximum equivalent stress of Ag-PDMS conductive ink

for three basic printing circuits in horizontal and vertical displacements.

In horizontal displacement, the equivalent stresses are critical at the horizontal

line for a rectangular shape, inner sharp edge for zigzag shape, and inner curve

for horseshoe shape. In vertical displacement, the critical equivalent stress area is

observed at the lines parallel to the loading at a vertical circuit and less critical

for the circuit printing perpendicular to the loading along horizontal circuit for

rectangular design. On the other hand, zigzag shape shows high stress for the

inner region of the whole slanted lines while horseshoe shows critical equivalent

stress at the inner curve of vertical lines that are parallel to the loading. The

trends of maximum equivalent stress concentrated parallel to the loadings for the

three printing circuits of Ag-PDMS at section A-A for both horizontal and verti-

cal displacements are plotted in Fig. 8.10.

From Fig. 8.10, it is clearly shown that the maximum equivalent stress at sec-

tion A-A for horseshoe and zigzag in horizontal loading is higher than similar

shapes in vertical loading and approximately equal to 190 kPa. The rectangular

and horseshoe shapes in vertical loading give the second highest equivalent stress

of about 160 kPa. On the other hand, the lowest equivalent stress at section A-A

represented by a rectangular shape in horizontal loading and zigzag shape in verti-

cal loading is below than 150 kPa. The horizontal and vertical loadings of three

circuit designs have a maximum equivalent stress level in between 190 and

120 kPa under the same loading application. The equivalent stress concentration

is affected by the direction of loading where the circuits printing parallel to the

loading has higher equivalent stress as compared to the circuit printing

FIGURE 8.8

Simulation validation result for PDMS substrate using the Neo-Hookean model.
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perpendicular to the loading. However, the equivalent stress for the three printing

at both section in horizontal loading is still below the yield stress at 200 kPa. The

inner sharp edge produces tensile stress while the outer sharp edge creates com-

pressive stress.
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FIGURE 8.10

Maximum equivalent stress at section A-A for horizontal and vertical displacement.

FIGURE 8.9

Equivalent stress of Ag-PDMS conductive ink at A-A section for (A) horizontal loading and

(B) vertical loading for the three different printing (a) rectangular, (b) zigzag, and (c)

horseshoe, respectively.
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Gonzalez et al. [4] observed that tensile stress was produced in parallel circuit

direction with loading while compressive stress occurred when the circuit was

perpendicular to the direction of loading. In parallel loading, the high equivalent

stress is concentrated at one side (i.e., inner curve and inner sharp edge) while the

perpendicular shows that the equivalent stress is concentrated uniformly through-

out the circuit width. The tension compression phenomenon can be related to the

bending concept as shown in Fig. 8.11.

8.5.3 Equivalent stress analysis of a thermal sensor circuit design
up to 10% strain

The stress�strain analysis for Ag-PDMS conductive ink is further studied in

terms of its application as a thermal sensor circuit. There were two parameters

involved in defining the stress�strain behavior of Ag-PDMS conductive ink in a

thermal sensor circuit that have different loading directions applied on the combi-

nation of different geometries in one design (thermal sensor circuit). There were

three loading directions involved, vertical, horizontal (on two sides), and biaxial

loading (on four sides), at total 10% displacement for the entire loading. The

equivalent stress analysis result for different loading directions on different geom-

etries in a thermal sensor circuit is summarized in Fig. 8.12.

Fig. 8.12 clearly shows that both vertical and horizontal loadings have the

highest equivalent stress of 0.14 MPa followed by curvature circuit for circuit

printed parallel to the applied displacement. The lowest equivalent stress given by

the circuit printed perpendicular is 0.06 MPa for vertical loading and 0.03 MPa

for horizontal loading. Biaxial loading results in the highest equivalent stress for

the entire three different shapes of about 0.15 MPa. The results indicate that dif-

ferent shape circuit has no effect in reducing the equivalent stress in biaxial load-

ing but it can be reduced when the load applied is perpendicular to the loading

direction.

FIGURE 8.11

Bending concepts for compression and tension phenomenon. (A) Straight to curve and

(B) curve to straight.
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8.5.4 Effect of width in reducing the equivalent stress in a thermal
sensor circuit

Thermal sensor circuit analysis is further discussed in terms of the effect of width

in reducing the equivalent stress concentrated on the circuit. Fig. 8.12 summa-

rized the result for maximum equivalent stress of different width at different load-

ing directions between vertical and horizontal loadings. Fig. 8.13 shows the

results when the displacement applied is parallel to the printed circuit for the
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Maximum equivalent stress for different width circuit at different loading directions in a

thermal sensor circuit at 10% strain.
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loading directions at 10% strain.
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vertical loading while perpendicular to the displacement applied for horizontal

loading. By decreasing the value of width, it does not give significant effect in

reducing the equivalent stress as results in vertical loading when the circuit is

pulled parallel to the circuit shape but it does in horizontal loading when the cir-

cuit is perpendicular.

Referring to Fig. 8.14, the simulation result shows a similar color contour at

the circuit printing parallel to the loading even they have different width geome-

tries. In addition, the higher equivalent stress level is given by the largest width

when the load applied is perpendicular. In conclusion, reducing the width has no

significant effect in reducing the equivalent stress when the load applied is paral-

lel to the loading but it does as the circuit is perpendicular. Gonzalez et al. [4]

have performed a study regarding the circuit width where smaller width can

reduce the percentage of a plastic strain of its horseshoe shape made up of copper

material. However, the research is limited to horseshoe shape only without con-

sidering the direction of displacement applied.

8.5.5 Equivalent stress limitation when the load is applied up to
10% strain

The displacement below 10% strain indicates that the maximum equivalent stress

is still below the yield stress of the material which means that Ag-PDMS circuit

is applicable for thermal sensor application. The analysis is extended to see the

behavior and limitation of a thermal sensor when the displacement applied is

more than 10% strain. Fig. 8.15 shows the results for a thermal sensor circuit at

different loading directions when 10%, 20%, and 30% displacement applied.

According to Fig. 8.15, the uniaxial vertical and biaxial loadings give higher

equivalent stress reaching the yield stress of material at 0.20 MPa at 10% strain rate.

The results indicate that plastic deformation has occurred for both loadings. Uniaxial

horizontal loading gives the lowest maximum equivalent stress of about 0.17 MPa.

FIGURE 8.14

Color contour of circuit printing at different width geometries.
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8.6 Future recommendations
In order to obtain more accurate results, the Neo-Hookean model used for PDMS

substrates can be improved by the model based on the conductive ink developed

in laboratory and including a damage criterion into the model. The structural

integrity of real electronic circuit design can be predicted by developing a more

accurate model that will be useful in analyzing the three-dimensional printed pro-

ducts and predict failure of the materials and related structures.

8.7 Conclusion

In this chapter, the stress analysis of PDMS substrate and Ag-PDMS conductive

ink of stretchable electronics circuit was carried out by using two models, namely

the Neo-Hookean hyperelastic model and multilinear plastic model. The following

results were obtained:

• Ag-PDMS conductive ink was characterized under the multilinear plastic

model at the yield stress of 0.20 MPa.

• The Neo-Hookean model was used to get material properties of PDMS substrate.

• The stress�strain behavior of the three different geometries of circuit printing

shapes (horseshoe, rectangular, and zigzag) under different loading conditions

was observed.

• Both horseshoe and zigzag shape circuits gave the highest stress concentration

of about 0.19 MPa with no plastic deformation at the inner curve and sharp

edge, respectively.

• Among the three shapes of the stretchable circuit, rectangular gives better

performance for its lower maximum equivalent stress level of 0.16 MPa.
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Maximum equivalent stress for horizontal, vertical, and biaxial loadings at 10% strain.

222 CHAPTER 8 Stress analysis of stretchable conductive polymer



• The stress�strain behavior of stretchable circuits in the thermal sensor circuit

under different loading directions for Ag-PDMS conductive ink also discussed

in detail.

• The plastic deformation did not occur in uniaxial horizontal loading and

limited to 10% strain but it occurred for uniaxial vertical and biaxial loading.

Uniaxial vertical gave 8% strain while biaxial gave less than 1.3% strain

plastic deformation.

• On the other hand, plastic deformation for copper material in biaxial loading

is higher than Ag-PDMS conductive ink at 7% strain.
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9.1 Introduction
Quantifying accurate reliability at (sub-)system level is not an easy task [1].

Despite the availability of prediction handbooks [2], the accuracy of the obtained

results is not guaranteed. For instance, the data used in these handbooks are out-

dated, referring to old technologies and assuming stresses that are not always

realistic.

Other methods exist which should allow a more accurate reliability estimation,

for example, the physics of failure (PoF) prognostics. However, for an industrial

end user, following such an approach at (sub-)system level is too expensive.

Typical steps to obtain reliability data of one component following PoF prognos-

tic approach would require (1) understanding a given failure mechanism and

developing its corresponding PoF model, (2) identifying stress accelerators of this

failure mechanism, and (3) planning and implementing an accelerated life test to

collect failure data in order to validate the model.

A typical accelerated life test would require failures of components collected

during the test time (in the order of months) at different stress levels.

Another approach to get more accurate reliability at (sub-)system level is col-

lecting and analyzing field data. However, this would require a complete process

within an organization, by tracking the products in the field and collecting failure

information for many years.

Therefore, there is a general need for methods to estimate the reliability of

systems in a cost and time efficient way without losing accuracy of the estimates.

This is a challenging task especially for long-life systems. For example, it is not

cost-effective to collect test data for products with a lifetime of over 20 years [3].

On the other hand, having multiple sources of estimating reliability could be

an advantage from engineering point of view allowing the development of a cost-

effective and accurate methodology for reliability estimation.
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An engineering asset could be seen as a combination of different subsystems,

which in turns are composed by components. Such a decomposition could be cov-

ered in reliability by logical models such as reliability block diagram (RBD)

modeling and/or quantitative fault tree analysis (FTA). These kinds of models

associate a block to a specific subsystem or components that have a specific reli-

ability. At that stage, we can deal with separate subsystems/components. The next

stage would be to estimate the accurate reliability values for these subsystems/

components. The approach we propose will make use of PoF modeling to get

more accurate reliability values. Such an approach consists of understanding

physically how a failure mechanism would occur in a component/subsystem. This

can be modeled by taking into account the material, dimensions of the compo-

nents, model of the stresses influences on the lifetime, modeling of stress propa-

gation within a subsystem/components, etc.

9.2 Improved reliability assessment method
In this section, we present a methodology to get enhanced and hence more realis-

tic estimations of (sub-)system reliability [1]. A special attention will be given to

the PoF modeling underlying every technique in that methodology, illustrated

with some examples. The performance of the methodology is evaluated by com-

paring it to the state-of-the-art approaches and is validated on industrial cases.

The state-of-the methodologies for quantitative estimation of the reliability of

products which will be discussed further are (1) prediction handbooks, (2) life

data analysis (LDA) or Weibull analysis, and (3) accelerated life testing (ALT).

Fig. 9.1 illustrates the difference between these methodologies in terms of cost

and complexity. As could be seen in the graph, cost is related to needed efforts

but also to accuracy. Higher cost means higher accuracy while complexity is

linked to the integration maturity (concept, prototype, and integration in final

systems).

Prediction handbooks are classified in the left bottom part of the graph (low

complexity/low cost). This methodology is often applied in the concept phase of

the project since no prototype is needed. On the other hand, less preparation is

needed as there are prediction tools that can be easily set by using the existing

bill of materials (BOM).

The accelerated life tests are somewhere in the middle of the complexity�cost

graph. To conduct such tests, you need existing prototype/production samples and

need to prepare the tests (test chambers, failure capturing system, and analysis of

the data). The life (field) data analysis is set in the top-right corner of the graph

(high complexity/high cost). This will definitely give the most accurate reliability

estimate because the components/subsystems are working on the final end-use sys-

tem where the exact stresses are seen. However, getting such data would require a

complete process (maintenance policy and people, data collection database, returns

226 CHAPTER 9 New methodology for qualification, prediction



analyses, etc.). In the following section, we will give more information about the

state-of-the-arts of these different techniques and show their limitations.

9.2.1 Prediction handbooks

The military handbook MIL-HDBK-217F [MIL-01] composed by the American

defense department is still the most widely used handbook for reliability estima-

tion (of electronics) despite of some major concerns in relation to the quality of

the results. These concerns mainly result from the empirical nature of the models

used to calculate the reliability based on the sum of the weighted failure rate λ:

λ5
XM
m51

NmλmπQm
(9.1)

with m5 1,. . .,M is the number of categories, Nm the number of parts within a

category m, λm the generic failure rate of a category m, and πQm
is quality-related

factors for a category m taking into account stress factors. It is assumed that the

FIGURE 9.1

Methodologies for estimation of the reliability of (sub-)systems shown in relation to their

complexity and cost. The recommendations are shown on top of the state-of-the-art

approaches (Higher boxes). The respective improvements relative to the state-of-the-art are

indicated by the arrow. For each methodology, an application and the applicability are shown.
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percentage of failure is constant, and hence the distribution model is exponential.

In many cases, however, this assumption is inappropriate, for example, connectors

mostly fail as a consequence of fatigue which does not follow an exponential dis-

tribution. The failure mechanisms are not properly taken into account, hence the

estimation is an underestimation of the field performance. Also the main stress

factors and product defects are not taken into account in a relevant way.

Moreover, the book is obsolete: the models are based on data collected over

20 years ago, hence it ignores the new technologies. In the end, estimations based

on the MIL-217F handbook do result in a worst-case scenario rather than provid-

ing a realistic estimation. An alternative to perform reliability prediction taking

into account modern electronics technologies (semiconductors, lead-free, proces-

sing units, etc.) is to use PoFs insight to understand failure mechanisms and to

predict failures under different stress types (for instance under vibration stress

which is one of the dominant stresses in many applications).

9.2.2 Life data analysis

LDA estimates the reliability based on data collected from a product at end users

(field). For such an analysis, the operational time, the observed failure time, and

the number of failed/nonfailed units are required. Typically, mean time between

failures (MTBF) is determined based on the ratio between the total operational

hours (t) and the number of observed failures (N):

MTBF5

PN
n51

tn

N
(9.2)

This simplistic estimate does not converge to the true reliability if for instance

the failure rate of the components is changing versus time. A better way to deal

with modeling life data is to change the formulae by considering statistical distri-

bution (e.g., using Weibull model [4]).

9.2.3 Accelerated life testing

ALT aims at estimating the probability of failure of a (sub-)system at a given nor-

mal user circumstances based on observations under higher levels of stress [5].

The estimation of the lifetime is based on structural and stochastic models.

A structural model describes the relation between the lifetime and the stress

level. The model description depends on the type of stress. The Arrhenius model

(Eq. 9.3) is a well-known example of a structural model that describes the accel-

eration factor, AF, between the “normal user” temperatures (Tuse) and the “high

stress” temperatures (TALT ):

AF5 e
ΔH
Tuse

2 ΔH
TALT

� �
(9.3)
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ΔH is the activation energy which depends on the failure mechanism and the

materials involved. Hence, this parameter describes how the distribution depends

on the stress level.

A stochastic model describes the probability of failure given a stress level.

The model parameters determine the behavioral characteristics of the system. The

Weibull model is a frequently used stochastic model of which the scaling para-

meters depend on the stress level. As a consequence, the predicted lifetime (plus

the uncertainty) given normal stress levels, also depends on the choice of the

model structure.

When conducting an ALT, the main question would be at which stress level to

test. This has a direct economic impact on the test. Higher AF would lead to a

quicker test but can also bring the system to a test zone where nonlinear behavior

would occur which is not correlated to the normal use. Later in this section,

guidelines will be given to increase the AF while still staying at the relevant

range to generate normal failures.

9.2.4 Improved reliability estimation methods

The two main problems arising in the state-of-the art approaches for the estima-

tion of (sub-)system reliability are (1) the approaches do not result in realistic

estimates (accuracy) and (2) the approaches are not cost efficient (high needed

preparation effort, long test time). To increase accuracy and decrease cost, as

typically required from industries, a systematic and integrated methodology has

been proposed which enables companies to increase reliability and safety evalu-

ation of their (sub-)system. The methodology is schematically represented in

Fig. 9.2. The following subsections only describe the different building blocks

of the framework related to reliability. Safety evaluation is out of scope in this

chapter.

A summary of the improvements, using these improved reliability estimation

methods to assess reliability of some electronic circuits, is presented in Table 9.1.

9.2.5 Prediction handbooks: FIDES rather than MIL-217F

Among others, two more recent prediction handbooks have been identified, which

have been selected for further evaluation: IEC TR 62380 [IEC] and FIDES

[Fides]. Although IEC TR 62380 is more recent than MIL-217F, it has not been

maintained since 2003. As a consequence, the models for the PoF are not adapted

for the new technologies. Also, IEC TR 62380 does not take the complete life

cycle of the product into account in the reliability evaluation. Where MIL-217F

results in worst-case scenario’s, IEC TR 62380 results in too optimistic estima-

tions [8]. FIDES prediction handbook, which latest edition has been released in

2009, include reliability information of more recent technologies and considers

the full life cycle in the reliability evaluation of a product. It also makes use of

different PoF models to describe failure mechanisms. Altogether, we opted to

2299.2 Improved reliability assessment method



obtain predictions from the FIDES handbook: a pilot project where more than

5000 electronic units have been observed in the field for 2 years proved that esti-

mation from FIDES handbook, when process parameters are properly chosen, is

much closer to the observed values in the field (B1.2 ratio of the observed failure

rate estimated by FIDES compared to B7.9 ratio observed estimated by MIL-

217). The spread for some observed units is shown in Fig. 9.3.

This rationale is supported by literature [6,7] while Marin and Pollard [8],

compared failure rates between FIDES and MIL-217F for a selection of electronic

Table 9.1 Overview of observed improvements in either accuracy of the
estimated prediction of the respective method or the time reduction by
applying the respective method.

Improved accuracy for reliability estimates Reduced test time

FIDES
handbook

X

ALT X
LDA X
Improvements Up to 60%

compared to MIL-
217F

Up to 50%
compared to
averaging

Up to 50% compared to
traditional testing

Robustness

Prediction

System decomposition

Impact analysis process

Category mapping process

Functional safety testing

Validated
safety integrity

level

RBD modeling
process

LDA process

ALT process

FIDES handbook-
based process

Robustness metricTesting process

V
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Testing

Field

System Reliability

Safety

FIGURE 9.2

Schematic representation of the systematic and integrated methodology developed and

validated for system reliability estimation.
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devices. For a 12 V power supply they report a relative difference in failure rate

of over 30% (FIDES relative to MIL-217F).

To predict reliabilities, FIDES uses the following model:

λ5λphysicalLManufactLProcess (9.4)

In contrast to Eq. (9.1), the prediction relies on a combination of (1) the sum

of the physical contribution λphysical (due to thermal, mechanical, stress) and (2)

the quality of the components (LManufact) and the quality of the complete prod-

uct cycle process (LProcess). Additionally, FIDES provides (freeware) tools to

assess system reliabilities. As an example, from FIDES, the model of a ceramic

capacitor, the factors contributing to λphysical are thermo-electrical stress ΠThermo-

electrical, mechanical stress ΠMechanical, and thermal cycling stress ΠTCy. The

respective stress models are function of voltage, temperature, vibration, and time-

related parameters. This is shown in Fig. 9.4.

A typical PoF prognostics model to study the thermo-electrical effect, when

varying the electric stress, and the PoF prognostics model when varying mechani-

cal stress are shown in Fig. 9.5.

In order to validate the reliability prediction using the FIDES handbook, we

performed an estimation of the reliability of the machine controller of a heavy-

load vehicle. The improvement in accuracy of the estimated reliability in compar-

ison to the MIL-217F handbook is shown in Table 9.1.
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FIGURE 9.3

Comparison reliability prediction from FIDES and MIL-217F compared to measured values

from the field.
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9.2.6 Intelligent life data analysis rather than real life data
averaging

The rationale behind LDA is to estimate the reliability of “all” (sub-)systems on

the observations made for a set of (sub-)systems by fitting a statistical model, a

Weibull model, to the observed data instead of using averaging as described in

Section 9.2.2. The general formulation of this parametric stochastic model is

f tð Þ5 β
η

t2γ
η

� �β21

e2ðt2γη Þβ (9.5)

where β, γ, and η are the shape, location, and scale parameters, respectively. In

general, γ is set to 0. β values could describe the different zones in the lifetime

of the product (commonly called “bathtub” curve). If β, 1 infant mortality is

described meaning that the failure rate is decreasing versus time and a consistent

failure is occurring leading to early failures in the field. β5 1 describes an expo-

nential distribution where the failure rate is constant versus time. This is typically

the assumption made in prediction handbooks. β. 1 describes wear-out zone at

end of lifetime where failure rate systematically increases versus time.

−

In an operating phase:
Thermo

Thermo - electrical = 0

electrical

TCy

Mechanical

- ×
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×
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FIGURE 9.4

Ceramic failure model as proposed in the FIDES prediction handbook, respectively, for

thermo-electrical stress model ɤTH-EL is the base failure rate at nominal thermo-electrical

stress, Sreference is a reference level of electrical stress, Vapplied,rated applied and rated

voltages, Ea the activation energy, Tboard,ambient the board, and the ambient temperature.

ɤTCy is the failure rate at nominal thermal cycle stress, Nannual-cy is the annual number of

thermal cycles, tannual is the annual operation hours, ɵcy is the cycle duration, ΔTcycling the

amplitude of a thermal cycle phase, Tmax-cycling maximum temperature in a cycle, ɤMech

the base failure rate at nominal mechanical stress, and GRMS, the applied random

vibration stress amplitude.
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As also described in some literature [9], using a wrong model would result in

estimation inaccuracies. Fig. 9.6 illustrates the inaccuracies introduced in reliabil-

ity estimates if nonproper model is used, for instance, using exponential distribu-

tion for a wear-out failure. The exponential model results in an inaccurate

prediction of reliability (extrapolation of the model to the point that 63.2% of the

(sub-)systems failed corresponding to mean-time-to-failure).

Data averaging has been shown not to be an appropriate method to accurately

estimate a product’s lifetime [10]. To overcome the problem of overestimating

the lifetime of a (sub-)system due to the application of simplified models is illus-

trated in Fig. 9.6; we start the LDA analysis by collecting field data for the

selected component. Next, we classify based on the type of failure and per time

to failure (TTF). Finally, we fit the data with a relevant model, by a

two-parameter Weibull model. Jiang and Murthy [9] already reported the

FIGURE 9.5

PoF prognostics model based on FIDES prediction handbook: (top) for electrical stress:

Failures in time (FIT) is plotted versus Vapplied,rated applied and rated voltages; (bottom) for

mechanical stress: FIT is plotted versus GRMS, the applied random vibration stress

amplitude.

2339.2 Improved reliability assessment method



importance of the model parameters and its effect on, for example, TTF and resid-

ual lifetime.

In order to check the accuracy of the LDA analysis, two optimization algo-

rithms for median rank (MR) fit were investigated. These methods are maximum

likelihood estimator (MLE) and polynomial fit (polyfit). The results were also

compared to the averaging method as depicted in Table 9.2. The MR/polyfit algo-

rithm gives the best accuracy (2%), followed by MR/MLE (6.6%) while averag-

ing is lagging much more behind (19%).

9.2.7 [HALT1ALT] rather than ALT

Highly accelerated life testing (HALT), is appropriate to determine relative

robustness of products or systems. For example, a newest version of a product

would be considered more robust than a previous version if it survives longer

HALT test time. Although commonly used by industries in the development

phase of a product to evaluate its robustness, HALT does not allow to establish

the correlation between the robustness results and the field failures of a product.

In some literature [11], HALT refers to use PoF models at higher stress than

normally used. This is different from our HALT terminology. HALT test in this

paper refers to performing a test in a HALT chamber where 6DoF pneumatic

FIGURE 9.6

Model 1 describes the exponential distribution of the data. The model provides an inferior

fit of the data. Model 2 describes a parameterized Weibull distribution of the data. The

model provides a better fit of the data. The model determines the estimate of the MTBF

(at 63.2%, indicated by the horizontal line).

234 CHAPTER 9 New methodology for qualification, prediction



hammer is used combined with a temperature chamber where temperature rate

could reach 30�C/min. On the other side, our terminology of ALT refers to mod-

erate stress levels where PoF models can still be applied.

Other literature [12] claimed that they could estimate reliability of a product

based on the HALT chamber�based test. After contacting the authors, it revealed

that they developed a methodology where they perform HALT tests on electronic

modules and they observe the same designs in the field. After few years, they

could find a correlation between HALT data (using a specific test profile) and the

field data. Although this is possible, by correlation analysis [13], the assumptions

made as need to be clearly understood.

Observations we made from previous HALT tests proved that it is difficult to

establish the link with field data. However, HALT test is a very useful tool to

learn the user about destruct limits of the tested product. By taking proper safety

margins below these destruct limits [14], it would be possible to optimize the

maximum stress levels for an ALT test. As a consequence, a lot of test time is

gained [15]. A typical stress�life curve is shown in Fig. 9.7. The estimation of

the reliability results from clustering the times to failure per failure mechanism.

Modeling is equivalent to the description in Section 9.2.6. The obtained time gain

for our industrial case is given in Table 9.1.

In order to validate this method, we designed and implemented an ALT for

commercial power supplies where we identify (1), the thermal destruct limits of

these power supplies and (2), use these limits in the design of ALT. A typical

step stress curve to detect this stress levels is shown in Fig. 9.8. Starting from

ambient temperature, the stress level decreases in a stepwise to low values to

detect the lower limit. The same procedure is then followed by increasing temper-

ature until the high stress limit is identified.

After this step, an ALT test is designed at specific safety margins from these

limits. A model was developed to predict the failure rate under a specific condi-

tion as depicted in Fig. 9.9.

Table 9.2 Comparison of different tools to obtain MTBF based on life data.

Tool Method η β MTBF

Weibull11 MR/MLE 87.95 3.01 78.56
Matlab/Dfittool MR/MLE 87.95 3.01 78.56
LDA-Tool MR/polyfit 96.88 1.93 85.93
Traditional Operation hours/number of failures 100.4 1 100.4
Reference MR/graph fit 95 2.02 84.17

MLE, Maximum likelihood estimator; MR, mean radian; polyfit, a polynomial fit using the least-square
method; these methods refer to the way the tool deals with collected data from devices which did not
yet reach the end of their lifetime. η is the scale parameter of the Weibull distribution, β is the shape
parameter of the Weibull distribution. Weibull11 is part of Reliasoft software, Dfittool is the part of the
Statistics Toolbox of MATLAB.
The reference tool is according to R.B. Abernethy, The New Weibull Handbook, 2006.
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Form Fig. 9.9, it can be concluded that conducting a test at 100�C for

2000 hour (B84 days) would results in 20% failure rate (imaging that we put 100

units in the test chamber, 20 of them would fail after this test period). However,

to get the same failure rate (20%) at a test temperature of 50�C, a test duration of

more than 10000 (B417 days) would be needed. Hence, combining

HALT1ALT could result in an acceleration factor of B5 compared to tradi-

tional reliability testing (without using HALT information). The real test results

prove these predictions.

9.2.8 Reliability block diagram tools and fault tree analysis for
complex systems

Complex systems (e.g., cars) could be modeled using RBD and/or quantitative

FTA [16]. A typical RBD decomposition model is as shown in Fig. 9.10.

The level decomposition can stop where acceptable reliability information is

available. For example, subsystems I, III, IV, V reliability data are known from field

data. Equipment’s A, B, D, E reliability data are known from tests from suppliers,

assembly a, b, c, d reliability data are available from a designed HALT1ALT tests,

while reliability of components E1, . . .,E6 are predictable from FIDES handbook.

This multisource information is perfectly possible to combine in an RBD model and

estimate the system’s reliability.

FIGURE 9.7

Illustration of the time gain using HALT1ALT testing in reliability prediction versus using

only ALT.
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FIGURE 9.8

Step stress to identify thermal stress limits.



FIGURE 9.9

Prediction of failure rate versus time for an ALT under thermal stresses.

FIGURE 9.10

RBD decomposition of a system.
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9.3 Application examples
A typical BOM for a printed board assembly can contain thousands of electronic

components. With the broad diversity of the electronic components available

nowadays, it is practically impossible to get accurate parameters for all these

components and their interconnections. This makes accurate reliability prediction

at (sub-)system level not straightforward and incomplete. The constant failure rate

statistical component data have been improved by different bodies in recent years

as explained in Section 9.3. Combining these data (for noncritical components)

with detailed PoF statistical models (for critical components) would give an

improved estimate of the reliability at system level without losing completeness.

Furthermore, this approach allows for a gradual improvement from the widely

used “complete” but inaccurate handbook based methods to a cost-effective, PoF-

based methodology to assess the reliability of electronic systems.

In more generic term, to implement PoF-based design for reliability (PoF

DfR) in the product’s development process, the use of PoF models requires tech-

nology qualification in which the suitability of a component and interconnection

technology for a specific application, for example, automotive under-the-hood, is

quantitatively evaluated, that is, the PoF models are established for the

technology.

Component’s qualification is a part of a technology qualification impacting

development cost and time-to-market: the iteration loop “design-prototype-test

redo until pass” is costly and time-consuming.

A PoF-based product development cycle is as depicted in Fig. 9.11B; it uses

physics-based DfR rules and models that can be applied to new designs and new

technologies for which the company has no experience. These physical models

are used and quantified in a technology qualification program which evaluates the

suitability of an electronic assembly technology (components, substrates, materi-

als, interconnections, etc.) for a range of applications. This reduces the amount of

required testing considerably and takes it outside the product development cycle.

Testing on prototypes is to a large part replaced by a much faster and more effec-

tive virtual prototyping prior to prototype manufacturing. On the other side, tradi-

tional approach, as shown in Fig. 9.11A, is experience-based. This experience is

rather gained when upgrading designs and learning from previous ones.

9.3.1 Electrolytic capacitors reliability analysis

In this section, we show the application of the combined methodology (conven-

tional 1 PoF) to assess lifetime and therefore the reliability of components and

systems. A validation case based on front light module (FLM) used in automo-

tive applications is demonstrated. To illustrate the methodology and its benefits,

the PoF modeling of aluminum electrolytic capacitors used in the FLM are

described [17].
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FIGURE 9.11

(A) Traditional product development cycle and (B) PoF-based DfR product development cycle.



The FIDES constant failure rate model for aluminum electrolytic capacitors is

given by Eq. (9.6).

λ5λPhysical 3ΠPM 3ΠProcess

With

λPhysical 5λ0�capacitor 3
XPhases
i

tannual

8760

� �
i
3 Πthermo�electrical1ΠTCy1Πmechanical

� 	
i
3 Πinducedð Þi

(9.6)

where λ is the overall failure rate of the capacitor; λPhysical represents the physical

stress contribution to the failure rate; ΠPM is the part manufacturing represents

the quality and technical control over manufacturing of the component; ΠProcess

represents the quality and technical control over development, manufacturing, and

usage process for the product containing the component; λ0�capacitor is the basic

failure rate associated with the component (experience-based); phases represent

different phases in the mission profile; tannual is the time associated with each

operating phase over a year (hours); andΠxxx represents the factors contributing to

physical stresses, respectively, in this case thermo-electrical, thermal cycles, and

mechanical stresses.

These factors might be derived from known life-stress models where para-

meters are defined based on experience. More details can be found in Ref. [18],

the Πxxx equations for electrolytic capacitors are shown in Table 9.3. Similar

models are used for other electronic components.

As reported in literature [19�21], one of the major causes for aluminum elec-

trolytic capacitors failure is the decrease in electrolyte volume due to evaporation

of the liquid that is accelerated when the component internal pressure rises due to

high core temperatures. The electrolyte content reduction affects the main electri-

cal parameters of the capacitor: (1) the capacitance C and (2) the equivalent series

resistance (ESR). As a result of the aging, C is decreasing with respect to the ini-

tial value C0, while ESR increases with respect to ESR0. Failure criteria can be

defined according to the final application requirements, for example, C/C0# 70%,

ESR/ESR0 $ 4.

Table 9.3 Physical stresses factors for aluminum capacitors (FIDES).
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The development and quantification of a PoF lifetime model for a specific

component can be done within a technology qualification program. In the case of

aluminum electrolytic capacitors, tests shall be performed to verify the impact of

component core temperature to the electrolyte evaporation rate. Sample size shall

be adequate to allow statistically relevant failure distribution models.

As an example, the capacitance and ESR as a function of time for sets of 30

capacitors (Vn5 16 V, C05 47 μF) aged at different temperatures, and biased at

DC nominal voltage with no ripple current, are presented in Fig. 9.12A and B,

respectively. As expected, the higher the temperature the faster the degradation of

capacitance and the increase in ESR.

Time-to-failure is then extracted for every component, according to the failure

criteria, in order to obtain the statistical distribution of failures.

The failure data corresponding to the criterion ESR/ESR0 $ 4 can be

described by Weibull distributions with shape βi and scale Θi, as shown in

Fig. 9.13. The three curves can be fit with a statistically significant common

shape factor β, confirming the same degradation mechanism as activated at the

three stress temperatures. This aspect is crucial to ensure the entire dataset can be

used to derive the PoF model. Additionally, the shape β. 1 confirms that the

failure rate is increasing over time, as expected by a wear-out phenomenon. A

clear case where the constant failure rate (β5 1) is not applicable.

Therefore, the reliability function for this capacitor subjected to a constant

stress temperature Tcore assumes the Weibull form Eq. (9.7):

R tð Þ5 exp 2
t

θ Tcoreð Þ

� �β
" #

(9.7)

A physical model that describes chemical reactions and evaporation phenom-

ena as in this case is the Arrhenius model. The parameters ΘI for the three stress

FIGURE 9.12

Example of degradation at V5 Vn and different temperatures (95�C, 110�C, and 120�C)
(sample size: 30 capacitors per temperature): (A) capacitance C, normalized to the initial

value C0. (B) ESR, normalized to the initial value ESR0.
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temperatures have been verified to follow Arrhenius relationship, as depicted in

Fig. 9.14.

The PoF model for the Weibull scale parameter of Eq. (9.7) as a function of

Tcore can be written as Eq. (9.8)

θðTcoreÞ5 θ0exp
Ea

k

1

Tcore
2

1

T0

� �� �
(9.8)

FIGURE 9.13

Example of statistical analysis (three-parameter Weibull): failures extracted from

Fig. 9.12B.
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FIGURE 9.14

Arrhenius model (PoF) corresponding to the Weibull scale parameters of Fig. 9.13.

2439.3 Application examples



where Ea is the activation energy of the degradation mechanism (i.e., evaporation

process), found to be 0.83 eV in this example, and k is the Boltzmann’s constant,

8.62 3 1025 eV/K. Θ0 is a reference scale parameter value related to a reference

temperature T0. Temperatures of Eq. (9.8) are expressed in Kelvin (K). The com-

bination of Eqs. (9.7) and (9.8), together with the parameters obtained within the

technology qualification, provides the PoF reliability model for the selected alu-

minum electrolytic capacitor (9.9):

R Tcore; tð Þ5 exp 2
t

θ0exp Ea

k
1

Tcore
2 1

T0

� �h i
0
@

1
A

β2
4

3
5 (9.9)

9.3.2 Demonstration of the combined methodology on front light
module

The methodology is applied to an automotive FLM. A high-level conceptual

architecture of this module is shown in Fig. 9.15.

Starting from the BOM of this circuit associated with relevant mission profile

and equivalent data provided by FIDES, a first estimation of the reliability was

done for a duration of 15,000 hours (corresponding to 5 years’ service with an on

state of 8 hours a day). The estimated failure rate according to FIDES data is

around 6.10-6 failure per hour (equivalent to a mean TTF of B16,7000 hours).

The FIDES estimated failure rate is assumed no change in time as shown in

Fig. 9.16 (dashed line with squares).

As we have the exact failure data of the electrolytic capacitor, explained in

Section 9.4.1, we adapted the reliability calculation sheet by adding this new

information. The estimated FLM’s reliability using updated PoF data of capacitor

is shown in Fig. 9.16 (dashed line with triangles). It is clear from the graph that

FIGURE 9.15

Front light module circuit diagram.
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the estimated failure rate is not constant anymore in time but increases, which is

a consequence of the wear-out nature of the failure of the capacitor. This is also

clearly reported in the Weibull parameters estimation (Fig. 9.13) where the

Weibull shape parameter β B 16 (c1 being the value corresponding to a con-

stant failure rate in time).

It is also clear from the graph that the FLM’s failure rate using PoF data is

lower than the FIDES value below B10,000 hours and only start quickly increas-

ing after 5000 hours. These observations suggest to the designers to take proper

design actions depending on the service life of the product (e.g., replacement of

parts after a specific service time).

Although demonstrated with limited set of components, the effect of PoF

modeling on system’s reliability is quite noticeable, which suggests reviewing

critical components of the system and provide more accurate PoF data.

9.3.3 Supercapacitors reliability analysis

Supercapacitors are used nowadays in an extensive range of battery-powered

devices such as GPS/GPRS transceivers, active RFID tags, industrial PDAs, elec-

tronic locks, micro medical pumps, digital cameras, mobile phones, and others.

They are also used in vehicle’s and machine’s subsystems requiring short but

robust powerful current pulses. This covers backup, delivery, and leveling of high

peak power as well as storing harvested energy [22].

FIGURE 9.16

Comparison failure rate estimation for FLM module using only FIDES data (constant failure

rate) and combined with different PoF models for electrolytic capacitor.
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They are designed to meet high-power requirements that cannot be fulfilled by

standard batteries. Furthermore, their size and cost are very attractive for

industries.

However, selecting the right supercapacitor for a specific application remains

a real challenge to industry. The specifications of these components only provide

limited information about their lifetime for specific stress values. This informa-

tion is not enough for industries to design a robust product and avoid high field

returns.

In this section, we apply the PoF methodology for qualification and lifetime

assessment of electronic systems, to derive PoF models for supercapacitors at dif-

ferent stresses relevant for some industrial applications. It is expected from these

models to better understand the performance of supercapacitors at different stres-

ses and to predict accurate lifetime of supercapacitors allowing industry to

robustly design their products and avoid high field returns.

Supercapacitors are classified between electrolytic capacitors and batteries.

Their operating principle is based on the accumulation of electric charges with

opposite polarities at the interface between a porous electrode and an electrolyte,

which is equivalent to a capacitor with a very thin dielectric and a very large sur-

face area. This structure requires no chemical reaction to occur but only charge

transfers, which makes the cycle life of these components much larger than the

batteries [23].

Thanks to the absence of the electrochemical reaction inside a supercapacitor,

this latter is not affected by cycling which may easily reach high values

(. 500,000 cycles) without losing their energy storage capability. This makes the

main lifetime issues of supercapacitors related to their longevity versus operating

voltage and temperature. The voltage and temperature stresses accelerate the

supercapacitors degradation in time.

Although this aging phenomenon is extensively described in literature [24],

the translation toward the expected performance and lifetime of these supercapa-

citors are not critically reviewed considering end user’s requirements.

Through the PoF methodology for qualification and lifetime assessment of

electronic systems, as described in Section 9.3 the complete development cycle of

the product is considered, where end user’s requirements and return of experi-

ences are addressed.

In this section, this PoF methodology is applied for qualification and life

assessment of supercapacitors. This include (1) the design and implementation of

a life test, (2) methods for performance parameters estimation and effects of com-

ponents from different batches, and (3) design rules for reliability taking the life

tests results into account.

9.3.3.1 Supercapacitors failure modes
By reviewing the state of arts [24,25], it becomes clear that supercapacitors have

two degradation patterns. One is degradation of the electrochemical system (such

as electrode or electrolyte) caused by applying voltage, second degradation is
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drying up by the evaporation of electrolyte mainly caused by temperature. In both

cases, ESR increases and capacitance decreases. The final failure is open mode

by increasing internal resistance.

9.3.3.2 Design of an accelerated life test for supercapacitors
In the PoF methodology used in this analysis, qualification of electronic compo-

nents should be done in advance to or in the early stage of the product develop-

ment cycle, as illustrated in Fig. 9.11. Among other qualification techniques, ALT

is the most convenient technique to build accurate PoF models. As supercapaci-

tors are used in critical systems, accuracy of their lifetime is quite important.

Therefore, in this section, an ALT test was performed to study the degradation

signatures of supercapacitors in time and build their PoF models.

For this ALT design, economical and accuracy aspects are highlighted.

Therefore, comparison of these two aspects using research (expensive setup and

long test) and industrial (economical setup and short test) design of experiments

and setups is highlighted.

9.3.3.2.1 Design of experiments

As temperature and voltage are the main stresses for the supercapacitors, the

focus for the DoE is made on these two stresses.

For the long test design, 48 supercapacitor samples were considered at each of

the 9 different stress combinations (voltage, temperature), resulting in a total of

432 tested supercapacitors. The long test lasts for more than 5000 hours.

The short test only considers 5 supercapacitors samples subject to each of the

9 stress combinations (voltage, temperature), resulting on 45 tested supercapaci-

tors per brand. In total 7 brands were tested, which gives a total number of 315

tested supercapacitors. The short test only lasts for 1500 hours.

These two test (long and short) topologies would allow us to compare the PoF

models that would be built using the two datasets, leading to conclusions on accu-

racy assessment with economical tests.

In addition to the constant stressors, cyclic voltage stress was considered for

some samples to stress them in similar way as they are stressed in the final appli-

cations. This would allow a comparison of constant versus cyclic voltage stresses.

9.3.3.2.2 Test setup

The research (expensive) test setup consists of nine electronic boards, each popu-

lated by 48 supercapacitors of 10 F. These boards are connected through custom

designed main boards, that guarantee current balancing between the supercapaci-

tors and emergency stopping in case of excessive overvoltage, to two energy stor-

age testing systems (PEC SBT 0650 and PEC SBT 8050). These testers contain

stable high-power supplies and automatically controlled electronic loads and guar-

antee the voltage stresses in a constant and a cyclic way. The electronic boards

with supercapacitors are tested in two different ovens (Heratherm OMS 180),

respectively at 65�C and 85�C.
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The industrial (economic) test setup makes use of common measurement

equipment and a test PCB. This setup is made in a way that automation is possi-

ble to reduce cost and fully benefit the results, using a switchboard. The test is

setup in such a way that capacitors are stressed during a period and measured at

an interval inspection. The test PCB contains 15 capacitors with different operat-

ing voltages (100%, 90%, and 80%) per group of five capacitors. They are tested

in three different temperatures of 55�C, 60�C, and 65�C.

9.3.3.3 Supercapacitors performance parameters and failure criteria
ESR increases in time and capacitance decreases in time are quite known indica-

tors of electrolyte-based capacitor degradation. This includes electrolytic capaci-

tors and supercapacitors. While for the former one, ESR could be easily measured

by standard impedance meters (with measurements range from few hundreds mΩ
to couple of Ω), the latter’s ESR is not possible with these types of impedance

meters due to the low ESR values (few tens of mΩ).
Another measurement method based on charging/discharging the supercapaci-

tors with specific loads and with constant current would allow ESR and capaci-

tance estimation of supercapacitors even within a small range of ESR values.

This estimation method is described in different documents: IEC62576: Electric

double-layer capacitors for use in hybrid electric vehicles—test methods for elec-

trical characteristics [26], Maxwell test method [27]. Two approaches could be

followed to retrieve ESR estimates (1) directly from voltage drops in the profile

as shown in Fig. 9.17 (e.g., ΔV1), (2) through a fitted model to the discharge

slope as shown in dotted line in Fig. 9.17 resulting to ΔV2).

FIGURE 9.17

Test profiles proposed by IEC 62576.
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For both methods, the capacitance is estimated using Eq. (9.10):

ΔV

Δt
� 2

1

C
(9.10)

where ΔV ;Δt;C, respectively, denotes voltage variation in the discharging slope,

equivalent time variation, and capacitance.

The ESR can be estimated using Eq. (9.11) or (9.12) depending on method 1

(step-based) or method 2 (fitted line).

ESR1 5
ΔV1

I
(9.11)

ESR2 5
ΔV2

I
(9.12)

where ESR;ΔV1;2; I, respectively, denotes for equivalent serial resistance of the

supercapacitors, voltage drop at discharge start from measured data or using fitted

model as depicted in Fig. 9.17, and constant current used in the discharge state.

To get an idea of the deviations between these different methods from our ini-

tial measurements (before degradation), the mean and std values of ESR and

capacitance estimates, using the two methods, are given in Table 9.4.

From this analysis, it is observed that ESR estimates using the two methods

are quite different (. 15%). Furthermore, by comparing measurements made at

different test time (during degradation), it appears that the std using the fitting

method increases in time while the std using step-based method is relatively con-

stant. These variations are shown in Fig. 9.18.

As, in our further analysis, we look to relative changes in time w.r.t. initial

values, we want to avoid the systematic error induced by the fitting method.

By applying the step-based estimation method on collected data and normalizing

this data to the initial measurements, the degradation curves using both capacitance

and ESR can be retrieved. Some examples are shown in Fig. 9.19 where x-axis

represents the test time in hours and y-axis, respectively, represents relative capaci-

tance values w.r.t. to initial capacitance value (top) and ESR values w.r.t. to initial

ESR value. The data shown in Fig. 9.19 are collected under the following stress

condition (2.7 V constant voltage, 65�C).
The failure criteria would depend on the final industrial application. In this

example we trigger a failure when the capacitance decreases 30% from its origi-

nal value, or when ESR doubles. However, these two failure criteria are not

Table 9.4 Performance parameters estimation.

Average Standard deviation

ESR (small step) (mΩ) 85.48 3.74
ESR (fitted line) (mΩ) 103.46 1.84
Capacitance (F) 10.49 0.51
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matched one to one. The failure times based on the graphs of Fig. 9.19 are col-

lected and statistically analyzed.

A Weibull model [28] is fitted to the failure data collected respectively from

capacitance and ESR degradations. The results are shown in Fig. 9.20, where the

x-axis represents the TTF in hours and y-axis represents the failure probability

density (top graph) and cumulative probabilities (bottom graph).

The results shown in Figs. 9.19 and 9.20 confirm that the failure criteria based

on ESR degradation (3 2) or on capacitance degradation (230%) do not result

on the same TTF. Furthermore, Fig. 9.20 highlights that the failure data do not

follow perfectly the Weibull distribution, which can be explained by (1) the

observations given in Section 9.5 and (2) noise level in ESR failure values.

Note that the ESR estimates accuracy is lower than capacitance estimates

accuracy (shown in Fig. 9.19 with noisy ESR degradation signals, and essentially

due to low ESR values (6 75 mΩ) which are strongly influenced by connector’s

resistances), but this does not fully explain the difference in TTF. Therefore,

choosing one failure criteria or another would have a consequence into TTF and

as a result on the PoF model.

The choice of the right failure criteria should then be application specific and

supported with a failure mode and effect analysis (FMEA) [29] to check the criti-

cality of these failure criteria on the system level.

FIGURE 9.18

Variation of std of ESR estimates in time using fitting method (graph with higher range)

and step-based method (graph with lower range).
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FIGURE 9.19

Degradation curves of supercapacitors in time (top) capacitance, (bottom) ESR. The

dashed line indicates failure threshold for capacitance (30% degradation from initial

value) and ESR (two times initial value).
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FIGURE 9.20

Weibull distribution of failure time using capacitance failure criteria and ESR failure

criteria, top: probability density, bottom: cumulative probability.
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9.3.3.4 Physics of failure models
9.3.3.4.1 Degradation analysis based on data collected from research
(expensive) setup

Before starting the PoF modeling, it is important to highlight some observations

made when colleting the degradation data using the research setup. As these data-

sets were collected for a long test time, it gives more insight into the degradation

behavior. The degradation signatures, from the different test boards (from 1 to 9,

each equipped with 48 supercapacitors), are presented, as ESR versus capacitance,

in Fig. 9.21. From this figure, it is clear that the degradation rate of the superca-

pacitors changes versus the applied stresses.

For instance, the test board nr. 2, which is overstressed w.r.t. maximum speci-

fied ratings (2.3 V/85�C), shows a very quick degradation following a linear

curve. Test board nr. 7 and board nr. 1 are stressed at maximum specified ratings

and show relatively linear degradation where less linearity (slight change in deg-

radation rate) is observed for board 1 suggesting thus a change of the failure

mechanism rate. This effect is more highlighted when the stresses become lower,

for instance board nr. 8, which is exposed to a cyclic voltage stress (min. 1.35 V

FIGURE 9.21

Degradation signatures of different supercapacitors at different stresses.
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and max. 2.7 V) and a temperature of 65�C. This also suggests that voltage cycle

has the same degradation effect as if the supercapacitors are stressed at the equiv-

alent constant average voltage, with a remark that ESR values are relatively high-

er under cyclic voltage stresses.

With regard to literature [30], this difference in degradation rates is explained

as the porosity of the electrode surface of the supercapacitors that is varying

quickly in the beginning since the first impurities generated by the current extrac-

tion quickly fill part of the macro pores. These pores form a blocking element of

the electrode�electrolyte surface contact which leads to an increase of the length

of the micro-contact paths of the electrode�electrolyte interface, the conductivity,

and the ion mobility increase as well, and they are reducing the negative effect

associated with the extraction current, resulting into a decrease of the degradation

rate.

The degradation signatures shown in Fig. 9.21, where measurements of the

capacitance and ESR are done once per week along the test period, is confirmed

with other continuous logged measurements for the boards subject to cyclic volt-

age stress (nr. 3, 4, 5, 8, and 9). These voltage cycle stresses are continuously

logged from the energy storage testing systems, thus allowing estimation of the

equivalent capacitance and ESR of components connected to a single channel.

The results are shown, for the equivalent total capacitance of the 48 supercapaci-

tors of board nr. 3, in Fig. 9.22.

9.3.3.4.2 Degradation analysis based on data collected from
economical (cost-effective) setup

The economical test was stopped after 1500 test hours. These data from nonfailed

units is then considered as suspended (right censored) data. In order to estimate

FIGURE 9.22

Degradation of supercapacitors bank of board nr. 3 based on continuous measurements.
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the TTF based on these datasets, models are fitted to the data to predict the TTF.

An example of this prediction is illustrated in Fig. 9.23.

In this example the linear fit was chosen although it is contradicting the con-

clusions from previous section suggesting potentially a change of degradation rate

as the stresses are within specs. Consequently, the TTF estimates are supposed to

be conservative, which would also result in a conservative PoF model. Other fit-

ting models were not investigated.

The collected data allow us to build different PoF models, where voltage, tem-

perature, and combined effect can be studied. In Table 9.5, some of these PoF

models are proposed.

9.3.3.4.3 Physics of failure modeling

Starting from the TTF data collected, as described above, we could build PoF

models that would describe the probability of failures versus the applied stress.

The data collected so far, especially through the research setup, would allow us to

do different analyses as described in Table 9.5. Depending on the final applica-

tion, one or another model might be more relevant to the end-use stresses allow-

ing thus qualifying the supercapacitors with regards the final stresses.

However, we will focus in this section on demonstrating the PoF model 1 to

study the effect of temperature on the supercapacitors lifetime. The same

approach can be followed to further build other PoF models.

FIGURE 9.23

Prediction of TTF based on censored data.
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As a second target in this section, we will compare the PoF built using expen-

sive and economic datasets.

The Weibull probability plots for both datasets are given in Fig. 9.24. Note

that the failure data shown in the top graph correspond to PoF1 data in Table 9.5

where the applied stresses are (constant voltage 2.3 V, 65�C/85�C temperatures),

while the data from bottom graph are collected from economic tests stressed at

(2.4 V, 55�C/65�C).
Although the failure data are collected from different setups, the Weibull plots

from the two graphs are quite aligned, thus confirming the good quality and accu-

racy of collected data.

In case of similar failure mode, the Weibull plots at different stresses should

be parallel, which means that they have similar shape factor.

In our case, these Weibull plots are qualitatively parallel, but with a close

zoom, there are some changes in the data trends (only with long tests) supporting

the discussion above about degradation rate change. However, we strongly believe

that the failure mode is the same for all the tests shown in Fig. 9.24 and that is

the evaporation of electrolyte, as described in Section 4.3.1.

For a temperature dependent failure mode, the dependency of temperature is

expressed with an Arrhenius formula. This formula is derived from the Arrhenius

reaction rate equation proposed by the Swedish physical chemist Svandte

Arrhenius in 1887 [7].

The acceleration factor at any temperature is expressed as

AF5
ηðT0Þ
ηðTÞ 5 exp

Ea
K 3 1

T0
21

T

� �� �
(9.13)

where AF; η;T0;T ;Ea;K; respectively, denotes, acceleration factor, scale (life),

use temperature, test temperature, activation energy, and Boltzmann’s constant.

Next to the estimated life, the activation energy is an important parameter to be

Table 9.5 Some possible PoF models that can be built with the designed
experiments.

PoF Test Description

PoF 1 #1/#6 PoF @2.3 V—effect of temperature
PoF 2 #2/#7 PoF @2.7 V—effect of temperature
PoF 3 #1/#2 PoF @85�C—effect of voltage
PoF 4 #6/#7 PoF @65�C—effect of voltage
PoF 5 #4/#8 PoF @50%DoD—effect of temperature
PoF 6 #5/#9 PoF @80%DoD—effect of temperature
PoF 7 #3/#4/#5 PoF @85�C—effect of DoD
PoF 8 #8/#9 PoF @65�C—effect of DoD

256 CHAPTER 9 New methodology for qualification, prediction



FIGURE 9.24

Weibull plots for expensive (top graph) and economic (bottom graph) failure datasets.
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estimated as it is a measure of the effect that temperature has on the reaction of

the failure mechanism.

The Arrhenius model is fitted to dataset from research setup and the results

are shown in Fig. 9.25. From the graph, the failure distributions at the two test

temperatures can be seen respectively at 85�C (358.15K) and 65�C (338.15K).

Based on this model, different parameters can be estimated as described in

Eq. (9.13).

The estimated scale parameter (η�life) at use temperature (in our case 40�C)
and estimated activation energy (Ea) are given in Table 9.6. The activation energy

is a typical value for the failure mode as it determines the slope of the Arrhenius

graph.

FIGURE 9.25

Arrhenius model applied to research dataset.

Table 9.6 Estimated PoF parameters using Arrhenius�Weibull PoF model.

η 50,000 h
Ea 0.9 eV
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9.4 New trends to improve reliability analysis
I would like in this section to start with two observations that could change, revo-

lutionarily in coming years, the way reliability of electronics is done today.

The first observation is that electronic components nowadays are formed from

complex interconnections (e.g., MEMS electronics [31]). These interconnections

are wearing out due to stresses (e.g., vibration, thermal cycling, or their combina-

tions). This means that the failures of these components become mainly wear-out

failures (as of “electromechanical” systems), in contrary to old electronic compo-

nents that are vacuum-based and where their failures could be seen as random

failures.

The second observation is that electronic chips/PCBs architecture is more and

more modular and can be easily adapted to include a build-in system to monitor a

specific component and/or to record continuously stress data such as temperature.

These two observations form opportunities to accurately assess the reliability

of electronic components and as a consequence electronic systems: while the for-

mer observation suggests that these electronic systems are continuously aging

opening an opportunity for condition monitoring of these systems. Condition

monitoring is a well-established technology used in electromechanical systems

[32].

While the later observation suggests cost-effective “online condition monitor-

ing” where the data are continuously logged/transferred for more accurate estima-

tion of the final use stress and/or the condition of the electronic asset. Here the

cost effectiveness does not only mean the cost of the build-in module but also the

cost of the infrastructure to remotely transfer the data and/or interconnect differ-

ent systems together or in a network. This is possible today, thanks to the revolu-

tionary Internet of things technologies [33].

These two ingredients—final use stress and the current condition of the

asset—are the basic ingredients to assess reliability of a system by using dedi-

cated models and methods as explained in previous sections. The advantage com-

pared to previous analysis is that now we will have exactly the distance to failure

that would allow to preform accurate LDA and the exact stress level that would

allow to perform life-stress analysis.

In the coming sections, I would highlight some advantages and examples of

using the exact stress level (mission profile) and the exact condition of the asset,

with regards to conventional approximations.

9.4.1 Mission profile

The failure rate of an electronic equipment depends on two factors: (1) design

complexity and (2) stress (inherent) reliability of the components which is related

to used technology.

2599.4 New trends to improve reliability analysis



In electronic equipment, the most prominent stresses are temperature, voltage,

vibration, and temperature rise due to current. The effect of each of these stresses

on each of the components must be considered. In order to achieve good reliabil-

ity, various derating factors have to be applied to these stress levels. The derating

has to be traded off against cost and size implications. Great care and attention to

detail is necessary to reduce thermal stresses as far as possible. The layout has to

be such that heat-generating components are kept away from other components

and are adequately cooled. Thermal barriers are used where necessary and ade-

quate ventilation needs to be provided. The importance of these provisions cannot

be overstressed since the failure rate of some components will double for a 10�C
increase in temperature. Note that decreasing the size of a unit without increasing

its efficiency will make it hotter, and therefore less reliable [34].

Improved reliability analysis, in last years, is referred to as mission profile

aware reliability and are largely used in aerospace and automotive applications

[35]. For instance, a mission profile for a navigation computer onboard a helicop-

ter consists of different phases, where at each phase stress types and levels are

identified: Event 1: “Start the navigation computer” (change to temperature

stress), Event 2: “Start the engine” (change to vibration stress), Event 3:

“Takeoff” (change to vibration and temperature stress), Event 4: “Landing”

(change to vibration and temperature stress), Event 5: “Stop the engine” (change

to vibration stress), Event 6: “Switch the computer off” (change to temperature

stress), and return to the parking phase.

While current methods, like in FIDES, assume specific values of stress levels

based on premeasurements and experiences, online measurement of these stress

levels represent a breakthrough for accurate stress estimation, to deal for instance

with variable operations, and therefore one step forward an accurate reliability

analysis.

Temperature cycles measured onboard a train in an electronic module are

shown in Fig. 9.26. Detailed analysis of 1-day cycle allows to estimate off and on

state even when the train is running (indicated with [r] in the graph) or when it is

not running (nr).

These phases are used in a reliability tool to estimate the reliability of the

module with a constant temperature approximation and using the measured cycles

as shown in Table 9.7.

The estimated failure in time (FIT inversely proportional to reliability), with

the two methods are quite different and show more than 66% improvement using

the exact measured temperature cycles.

9.4.2 Online condition monitoring—case study

Aging electrical systems are prevalent in today’s society [36]. They are abun-

dantly present in buildings, aircraft, and transportation systems, consumer pro-

ducts, industrial machinery, etc. Wiring and connections failures could be seen as

dominant failures in such electrical systems and are the most significant potential

260 CHAPTER 9 New methodology for qualification, prediction



causes of catastrophic failures and maintenance cost in these systems.

Furthermore, airline crashes attributed to aging wires and connections have

brought this issue into the public eye [37]. A wiring system does not only distrib-

ute electrical power but also provides control and information links between mul-

tiple systems and subsystems. The components to make up the wiring system

include power and control conductors, signal and instrumentation conductors,

fiber-optic cables, connectors, circuit breakers, relays, power distribution, and

control panels, etc. Failure of any of these components can disable the functioning

ability of a system [38]. Different techniques exist which allow to detect, or moni-

tor the aging of wires and connectors and sometimes localizing the defects loca-

tion. Reflectometry is commonly used for detecting faults in a wiring harness and

localizing their positions [39]. Different reflectometry methods exist, such as time

domain reflectometry (TDR), frequency domain reflectometry, etc. [40,41]. The

reflectometry methods are often used when the wiring system is not powered.
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FIGURE 9.26

Temperature profile of an electronic module onboard a train. Top: different temperature

cycles along 15 days. Bottom: detailed analysis of 1-day temperature profile.
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Table 9.7 Estimated failure in time (FIT) using approximated constant temperature (top table) and exactly measured
temperature cycles (bottom table).



This makes the detection of intermittent connection problems not possible. These

intermittent failures only occur in live (active) systems and often when the system

is exposed to an external stress (e.g., temperature swings, vibration), for instance

in a car. They can have a very short duration (down to μs) [42]. Such intermittent

connection faults can be fatal in some applications because they are not

detectable offline and when happening, online, they may lead to a loss of system

functionality in critical conditions (e.g., for safety critical systems). Therefore, it

would be logical to develop techniques which can detect, monitor, and if possible

localize these faults in live systems. Although some techniques belonging to the

reflectometry family can deal with intermittent faults, for instance spectral TDR,

these techniques require expensive components (e.g., high-frequency generator,

mixer, etc.) which makes these techniques not suitable for industrial and automo-

tive applications with their low-cost requirements. Other alternative technologies

for connections defects detection and localization consist of impedance measure-

ments (LCR as a reference to inductance [L], capacitance [C], and resistance [R]

measurements) of the wire and/or the connector. LCR meters exist already for a

long time to perform equivalent impedance measurements of an electrical circuit

[43]. Some papers used this principle to develop a low-cost equipment to measure

equivalent capacitors or inductances of a circuit which will be associated with

open or short connection faults [44]. The method used in that paper does not

work in live systems. Using impedance measurement technique for detecting

impedances in live circuits has its own challenges and limitations (e.g., used fre-

quencies, needed filters, change of impedance due to additional measurement

equipment, etc.). An analysis of such impedance measurement in live mains has

been done using expansive lab equipment’s [45].

In this section we investigate the detection and localization of intermittent

connection faults in live industrial applications. We propose two different low-

cost methods (using commercial off-the-shelf components) for this purpose that

allow:

1. detection and localization of intermittent connection faults using an extended

impedance measurement technique and

2. detection of intermittent faults based on applying a band-pass filter on

measured signals from a circuit.

9.4.2.1 Concepts for connection defects detection, prognostics, and
localization

In this section the concepts of the two proposed methods will be explained.

9.4.2.1.1 Method for connection defects detection and localization—
based on online impedance measurements

Impedance measurement can be used to detect different connection faults by esti-

mating the additional impedance, due to connection faults, to the equivalent

impedance of a circuit. The type of the fault can be differentiated by looking to
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the imaginary part of the impedance (capacitive in case of open connection fault

or inductive in case of short connection fault). Different methods exist depending

on the used diagnostic circuits [46]: bridge method where a bridge of impedances

(including the impedance of the device under test) is used to estimate a balance

point, resonant method where a circuit is adjusted to resonance by adjusting a tun-

ing capacitor, I�V method to calculate the unknown impedance by measuring the

current and voltage across the impedance. We adopted the I�V method in this

work which we adapt to be suitable for working in a live (powered) system. The

basic schematic is shown in Fig. 9.27. To make it suitable for online usage, the

diagnostics circuit parameters need to be selected such that it has no influence on

the original sensor measurements. These parameters are related to the transmitted

sine wave that is superimposed to the original circuit signals. The frequency of

the transmitted sine wave should be selected beyond the bandwidth of the electri-

cal circuit such that it is not influencing it is working. The amplitude of the trans-

mitted sine wave should be small enough to avoid disturbing the circuit but large

enough to be detected. These parameters were tuned properly to the target

applications.

The diagnostic circuit would provide diagnostic voltage and current which

should be analyzed both in amplitude and phase to extract the equivalent impe-

dances (capacitive for open and inductive for short). An application specific

example of a signal captured when using a resistive load is depicted in Fig. 9.28.

An algorithm has been developed which conditions the measured signals by fit-

ting automatically a sine wave to the measured signals and use these fits to reli-

ably estimate the amplitude and the phase of voltage and current. Using these two

parameters, the resistive and capacitive parts of the equivalent impedance can be

calculated. In this examples an equivalent resistance of 1063 Ω and an equivalent

FIGURE 9.27

Impedance measurement circuit used to diagnose open connection fault in an industrial

circuit.
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capacitor of 9048 pF, which corresponds to the load impedance, is found.

Assuming now that a connection problem occurs between the controller and the

sensor, the online estimated resistance and capacitance will be different and

would be proportional to the length of the wire where the fault occurs allowing

thus localization of the fault. If instead of open, a short fault will occur, an induc-

tance will be estimated instead of a capacitance value.

Considering two wire’s lengths of respectively 3 and 5 m between the control

unit and the sensor (by placing two sensors/switches in parallel at different dis-

tances), the estimation of the distance to fault is done using our technique online

and the results are shown in Fig. 9.29. The intermittent duration of the faults that

can be detected is limited by the used acquisition system (ms in the graph). The

accuracy of the fault localization reaches 2σ6 30 cm, which in many industrial

applications is sufficiently accurate to determine the location of the defected

connector.

9.4.2.1.2 Method for connection defects detection—based on band-
frequency filtering

In various applications, localizing the connection fault positions is not necessary.

In these cases, detecting the connection faults will be sufficient. Based on

FIGURE 9.28

Recorded signals and curve fitting and equivalent impedance estimation (|Z|: equivalent

estimated absolute impedance, ph: estimated phase between current and voltage, Rs, Cs:

Equivalent series resistance and capacitance), Rp, Cp: equivalent parallel resistance and

capacitance).
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connector tests we performed for different connectors, and as reported in different

literature studies [47], the measured signals of an electric circuit with a degrading

contact resistance would present relatively high-frequency noises. These varia-

tions of fault amplitude and duration can be explained by the number of irregular-

ities in the surfaces of the connectors, which due to thermal changes and/or

vibration of the connectors introduce intermittent loss of contact which increases

versus time. By analyzing carefully, the characteristics of these contacts noises on

different industrial applications, it has been concluded that an algorithm based on

band-pass filtering, using generic parameters, could be used to detect these noises

whose amplitude is correlated to contact degradation level. This is very advanta-

geous for industrial applications since no external diagnostics hardware would be

needed.

The developed algorithm is validated on different signals coming from tem-

perature sensors as illustrated in Fig. 9.30. The algorithm successfully detects the

connection faults in a very early stage as illustrated by the increasing detection

signal in the bottom graph. Initially the behavior is quite intermittent but after

some time the faults can be permanently captured.

FIGURE 9.29

Estimation of distance to fault for an intermittent open connection fault.
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9.5 Summary
We presented in this chapter an improved product reliability quantification meth-

odology where PoF-based prognostics modeling were highlighted. This methodol-

ogy is a combination of mainly three improved methods based on (1) improved

prediction handbook, (2) improved ALT, and (3) improved LDA. The reported

improvements compared to state of the arts and common practices are quite high

and reach at least 50%. These improvements are immediately understood when

you compare the parameters/assumptions of current methods to the ones we pro-

posed. Often noncorrect assumptions are made (e.g., constant failure rate), and/or

methods for outdated technologies or processes are applied. By means of PoF

modeling, proposed in the improved methods, we introduced more physical

insight in the analyses yielding better reliability prediction estimates.

However, the PoF models used in the proposed methodologies are approxi-

mates to the use cases we investigated and will always contain parameters that

need to be tuned by guidelines (e.g., process guidelines proposed by FIDES) or

by getting more experiences with the product studied (e.g., material parameters

used in life-stress models). Having a generic PoF model that would take all

details of product construction and interaction of components is practically very

difficult, if not impossible, to get.

This methodology was developed with the mind-set to serve industrial pro-

cesses. Therefore, a set of practical user friendly tools were developed and which

some of have been presented in this section.

FIGURE 9.30

Detected connection fault in one of the temperature sensor’s signals. Top: temperature

signals. Bottom: detection signal from connection’s faults detection algorithm.

2679.5 Summary



The reliability monitoring is an interesting topic to save market shares and lia-

bility of manufacturing companies; therefore it needs the right tools to allow

accurate and economical estimates for such a monitoring. We believe this pre-

sented methodology has the potential to contribute to achieve these goals.

In order to illustrate the proposed PoF-based methodology, reliability assess-

ment of some important electronic components were illustrated.

Electrolytic capacitors and supercapacitors performance and lifetime assess-

ment and qualification are very important for choosing the right component for a

specific application.

We demonstrated a PoF-based methodology to study the performance and life-

time of electrolytic capacitors and supercapacitors.

We tackled different challenges in this assessment process. The first one is

related to the accuracy of ESR estimates where the accuracy depends on the esti-

mation method. The second is related to the degradation analysis and changes in

degradation rates versus the applied stresses. The third is related to the definition

and effect of the failure criteria on the final lifetime estimation, where TTF values

depend on which failure criteria is chosen. The last, but not least, is related to the

accuracy of PoF model to predict lifetime at different stress conditions and with

different test settings. These analyses form a qualification framework that fits in

our overall PoF assessment methodology for electronic components.

We also demonstrated that results from the economic datasets are in line with

results from extensive datasets. This would allow designers to consider this quali-

fication approach as the qualification test is realistically short in time and eco-

nomically cost-effective.

Another important source of defects, connections problem, was also tackled.

Feasibility of prognostics of connection defects (faults) in electronics modules has

been shown both for detection and localization. Impedance based measurement

techniques have been demonstrated with possibility to be applied in live powered

systems. Two different cases with equivalent resistive and complex impedances

have been considered for validating this technique. Accuracy in the order of

30 cm has been achieved for localizing the connection fault. For applications

where no alteration of the circuit is possible, by adding a diagnostics hardware,

we developed an algorithm based on band-frequency filtering to highlight connec-

tion faults and detect them in a very early stage. The validation of this algorithm

on temperature sensors signals proved the capability of this algorithm to detect

the faults in a very early stage and proved also that this algorithm is generic.

These methods show a high potential of connection faults detection and localiza-

tion for industrial applications.

The collected condition of the connection in the electronic system provides

accurate information for further reliability analysis. Actually, the data can easily

be transformed into failure data, for instance by applying a prognostic model,

using a user-defined threshold. Based on these failure data, LDA can be applied

to derive statistical analysis including reliability of the asset.
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9.6 General observations and conclusion
Reliability analysis of an electronic system can be misleading if the correct meth-

odology is not used. This wrong analysis can be catastrophic in some cases, espe-

cially for safety critical systems.

Different methodologies can be found to perform reliability analysis with their

pros and cons. Between outdated reliability handbooks and expensive accelerated

life tests, a new methodology is proposed that can bring economic benefits with

acceptable accuracy.

It is important here to remind that these methodologies are only helping the

different stakeholders in an organization to correctly perform reliability assess-

ment. Most importantly is that reliability assessment and control should be

adopted as a process in an organization, meaning that reliability analysis should

be done at every step of the product life cycle.

In different industrial cases, after the initial failure assessment of an elec-

tronic system, for example, through an FMEA in the design or prototyping

phase, the critical components are highlighted. These components that need spe-

cial attention are often very limited. This would allow to smartly chose the right

method to assess reliability of the complete system. For example, use handbooks

to get approximative reliability values for noncritical components, and use

accelerated life test with more accurate reliability estimates for critical compo-

nents. We highlighted different possibilities to end up with an economic reliabil-

ity assessment, as the cost to get an accurate reliability in a system level can be

very high.

Although historically present in electronic systems, electrolytic capacitors,

with their long time usage in industry, remain critical in many applications. Their

reliability is still a challenge to industries. This challenge comes from the large

diversity of these components available in the market, which may slightly differ

in technologies and/or production processes. Such a variation is enough to make a

difference of 20%�40% in lifetime under use conditions. These large variations

motivate the analysis done with these components, and shown in this chapter,

where ALT using components from large number of suppliers was performed and

results show these diversities in terms of lifetime. It is recommended to industries

to think about economical accelerated tests, for instance based on the proposed

methodology, to test the diversity and come to more precise lifetime estimates,

especially when these components are used in critical applications.

From the other side, new emerging electronic components, like supercapaci-

tors, are more and more used by industry. However, there is a strong lack and

misinterpretation of the reliability data available in the datasheet, for example

what are the exact charge/discharge cycles in the use temperatures that are often

different from the ones described in the datasheets. We demonstrated in this chap-

ter two critical stress parameters (voltage and temperature) for these components

and propose an analysis method in order to get a better estimate of lifetime under
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the use values of these stresses. An economical test methodology was proposed

and is strongly recommended to end users industries.

Beside the failure analysis done by industries, often in the design phase, where

the critical components are identified, another important source of reliability/life-

time of electronics are the field data called also return of experiences.

Although not properly collected by most of the industries, mainly due to its

high associated cost, it was observed from data coming from different machine

builders who propose service contracts that a very large amount of failures are

coming from connection problems. This supports the analysis presented in this

chapter about electronic connections defects.

These defects are quite challenging due to their intermittent nature, meaning

that the connection problem could occur, for a short time, when the system is

operational (e.g., intermittent loss of contact). The proposed methodology consists

of online monitoring which is highlighted as an example of how a condition mon-

itoring system could be used as a source of inputs for reliability analysis.

With the fourth revolution of industry (Industry 4.0) and the era of intercon-

nected systems, the online monitoring is expected to explode in electronic sys-

tems in coming years.

This will revolution the way reliability is approached: by recording the exact

mission profile, discussed in this chapter, where the exact stress types and values

are recorded, and the condition (health) of the electronic asset collected through a

condition monitoring system, lifetime estimates become a custom feature of the

electronic asset.

When interconnected to other systems, and/or to the cloud, this information

can be used to accurately assess reliability of the interconnected fleet. This repre-

sents a kind of stressed systems that when configured correctly could be seen as a

replacement of the traditional reliability demonstration test with the advantage of

low-cost and correct stresses values.

But of course this would need some years before the relevant data are col-

lected and deployed.
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10.1 Introduction
Yarn strength is probably the most important parameter of both staple fiber yarns

and filaments that is controlled among all mechanical properties of the yarns. It is

defined as the breaking force of the yarn, commonly measured in Newtons (N) or

centinewtons (cN). The ratio between the yarn’s breaking force and its linear den-

sity (measured in tex) gives another largely used parameter for assessing the

strength of the yarn—the yarn tenacity, expressed in cN/tex. The tenacity gives

the possibility to compare the strength of yarns with different thickness.

The phenomenon of spun yarn failure is strongly preconditioned by the yarn

structure, determined in turn by the spinning method, applied to consolidate the

fibers bundle into a yarn. It is the twisting of the fibers bundle that gives the

strength to the final yarn.

Five spinning methods exist today that are used for industrial spinning of natu-

ral and man-made fibers: ring, rotor, friction, hollow-spindle, and air-jet. Only the

ring spun yarns have a helical structure along their length, thus using to a maxi-

mum extent the strength of the fibers in the cross section (Fig. 10.1). The helical

path of the fibers is visible. The same is the path of the single yarns, when they

are twisted to form a twofold yarn (Fig. 10.2).

Rotor spun yarns show core�sheath structure, where only the core possesses a

helical twisting of the fibers, while the sheath is constituted of individual fibers or

ribbons of fibers, wrapped around the core (Fig. 10.3). Air-jet spun yarns have a

fasciated structure: a core of parallel fibers around which a small number of sur-

face fibers are twisted [1] (Fig. 10.4).

Wrap yarns, spun by using hollow-spindle spinning method, have a core of

parallel staple fibers, consolidated and strengthened by a twisting thread (staple

fiber yarn or filament) [2] (Fig. 10.5). Friction spun yarns appear visually like

ring yarns, but their internal structure is entirely different: it consists of fibers

with poor orientation and loose packing in the yarn’s cross section [3].

The yarns, being twisted fiber structures, possess a unique failure mechanism:

the force, which leads to the break of the yarn, provokes the strengthening of the

yarn simultaneously. When strained, fibers in the yarn stretch a segment by
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segment, due to the lateral constraint. At the same time, the yarn strength

increases due to the increment of the lateral pressure.

The strength of the yarn is not an intrinsic property but depends on both the

structure and loading environment [4]. However, the strength of a spun yarn can

never reach the strength of the fibers’ bundle. The reason is that during the yarn’s

failure some of the fibers break, but others slip. It is the yarn structure (fibers

alignment and packing as well as fibers distribution in the yarn’s cross section)

that preconditions the proportion of the broken, and the slipped fibers. The spe-

cific morphology of the spinning method determines the fiber orientation in the

yarn cross section and alongside the yarn. It is the directional orientation of the

individual fibers that specifies the mechanical properties of both yarns and fabrics

made of them; therefore the monitoring of the fiber orientation in textiles is of

particular importance [2,5].

The strength of yarn depends on the strength of its weakest point. While sub-

jected to a tensile load, the yarns are compressed radially. With the increment of

the generated tension, some fibers start to break, usually at the yarn’s weakest

cross section. Broken fibers may be both weaker fibers, compared to the other

fibers in the bundle or, depending on the structure of the yarn (ring, rotor,

FIGURE 10.1

The helical structure of a ring spun yarn: microscopic view (3 40) of the longitudinal

structure (cotton-polyester yarn, 15 tex).
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and air-jet), be more strained, compared to the other fibers (e.g., the peripheral

fibers in the ring spun yarns). The interfiber friction is also of crucial importance:

even the moderate changes in the frictional forces between the fibers (e.g.,

through twist) can lead to a sizable increment of the yarn strength [6].

The further increment of the tensile load depends on the strength of the rest of

the fibers at the weakest point of the yarn. Before the yarn failure, slippage of

some fibers appears, while other fibers grip one to another. The gripped fibers

break as soon as they reach their breaking elongation that is strongly affected by

the continuous tensile load and its concentration in the continuously decreasing

cross section of the yarn. The complete yarn failure occurs in a mixed mode of a

simultaneous fibers’ slippage and fibers’ breakage [7].

The yarn’s stress�strain characteristics can illustrate the mechanism of yarn

failure. Fig. 10.6 presents the typical stress�strain curve of the yarn under tensile

load:

• A linear dependence between the load and the yarn strain exists only in the

region I, where small stresses can be observed. In this region, the slippage of

the fibers is prevented by the interfiber friction.

FIGURE 10.2

The helical structure of a twofolded ring spun yarn, microscopic view (3 40) of the

longitudinal structure (acrylic 50 tex).
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• After increasing the stress in region II, some of the fibers in the yarn cross

section start to slip. Thus under a relatively short interval of the stress

increment, the strain of the yarn is substantially augmented.

• In region III both fiber slippage and fiber breakage occur until the fiber yarn

failure appears.

FIGURE 10.3

Rotor spun yarn: microscopic view (3 40) of the longitudinal structure (cotton-polyester,

20 tex).

FIGURE 10.4

Air-jet spun yarn: SEM view of the longitudinal structure (wool-polyester, 20 tex).
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10.2 Staple yarn failure depending on the spinning method
The described theory of yarn failure has been developed for the structure of a

ring spun yarn, where each yarn’s cross section is twisted relatively to the previ-

ous one at a given angle. The yarn failure is a combination of slippage and break-

age of the fibers. Fig. 10.7 shows a microscopic view of the yarn failure where

the typical breakage of the peripheral fibers, followed by the slippage of the cen-

tral fibers in the yarn can be observed.

FIGURE 10.5

Wrap spun yarn: microscopic view (3 20) of the longitudinal structure (acrylic-polyester,

36 tex).

FIGURE 10.6

Stress�strain curve of a staple fiber yarn.
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Different processes could appear, however, depending on the particular spin-

ning system, used to produce the yarn and its consecutive yarn structure. The

share of the broken and slipped fibers would also be different. For example, the

structure of a wrapped yarn, obtained by hollow-spindle machines, preconditions

not two, but three different modes of yarn failure: due to the breakage of the

wrapper, slippage of the core fibers, and the breakage of the core fibers [2].

The weakest point of the yarn is usually the cross section with a minimum

number of fibers. Ghosh et al. [7] developed a model of the yarn failure, pretend-

ing to be universal for every type of spun yarns, as the model is based on the fail-

ure behavior of the yarn under tensile load. However, the input values of the

model involve parameters, which measurement is very tedious, for example, the

proportion of the slipped and broken fibers. Besides, the meaning of such a model

is to be applied for prediction of the yarn failure, without real yarn break (an

even before the yarn spinning). However, the model input data require para-

meters, which can be achieved only after experimental measurements of the yarn

break.

Ring spun yarns are considered a golden standard for yarn quality. The com-

mon strategy when assessing particularities of a different type of yarn is to com-

pare the “unconventional” yarn with the respective ring yarn (with the same

fibers composition and linear density) [8].

Rotor, friction, air-jet, and wrap spinning methods are unbeatable regarding

machine productivity. The ring spinning method, however, is leading in the pro-

duction of both high-quality yarns and fine yarns (below 10 tex). Only the air-jet

spinning method can be a partial competitor to the ring spinning in terms of fine

yarns manufacturing as the finest air-jet spun yarns reach as low as 10 tex

(Fig. 10.8).

FIGURE 10.7

Broken end of a staple fiber yarn with fiber breakage and fiber slippage.
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Being different from the structure of the ring spun yarns, the structure of the

rotor, friction, air-jet, and wrapped yarns causes a significant criticism concerning

the yarn failure. The reason is that all they miss is the helical path of the fibers,

which is equal for all cross sections depending on the twist during the ring spin-

ning. Only the wrapped yarns can compete with the ring spun yarns in terms of

strength, due to the presence of the wrapper component that twists around the

core following a helical path as in ring spinning. The proper design of the wrap-

per concerning its material, type, and magnitude of the wrap twist can effectively

manipulate the wrapped yarn failure, thus reaching the strength of a ring spun

yarn.

Fig. 10.9 presents the relative strength of the yarns, depending on the spinning

method. The failure strength of the ring yarn is considered 100% and the strength

of the other types of yarns is expressed as a percentage of it. As it can be seen,

none of the other spinning methods can reach the strength of the yarns, produced

by ring spinning.

The morphology of the particular spinning method reflects the structure of the

yarn regarding the regularity of the linear density. The higher number of thin and

thick places in the yarn cross section provokes the yarn’s failure at lower tensile

loads. Fig. 10.10 compares the regularity of the yarn concerning the linear den-

sity: the uniformity of the ring spun yarns (considered again as 100%) can only

be achieved by rotor and wrapped spun yarns in some cases. Air-jet and friction

spun yarns are the most irregular, compared to the others.

The yarn failure is also related to the number of the compound fibers in the

yarn cross section. The difference between the five modern spinning methods is

FIGURE 10.8

Range of linear density of the yarns, depending on the spinning method.
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not very high, as shown in Fig. 10.11. Wrapped yarns can be produced with the

lowest number of fibers in the cross section, as the wrapper is the element in their

structure, which strengthens the yarn much more than the low twisted fibers in

FIGURE 10.9

Relative strength of the yarns, depending on the spinning method.

FIGURE 10.10

Relative regularity of the yarn in terms of their linear density, depending on the spinning

method.
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the core of the yarn. The production of rotor spun yarns is related to the highest

number of fibers in the cross section, which is preconditioned by the worse orien-

tation of the fibers alongside the yarn. Thus to reach the required yarn strength,

necessary for further processing on weaving and knitting machines, the number of

fibers in rotor yarn’s cross section is 1.5�2 times higher as an average, compared

to ring spun yarns.

10.3 Yarn failure depending on the gauge length
To evaluate the yarn failure, standard tensile tests are applied. However, during

manufacturing and in a real application, the fabrics and their compound yarns

experience strains and stresses, which differ from the loads during the standard

yarns’ tensile tests. As a result, the tensile strength parameters of the yarns,

obtained preliminary, do not necessarily reflect their behavior in the textile

macrostructure.

The influence of the gauge length on the yarn failure has been largely studied.

It is known that the balance between the fibers that break and fibers that slip in

the yarn under tensile load vary with the gauge length. The shorter gauge length

during the yarn’s tensile test gives better correlation with the yarn failure in the

fabric than the standard gauge length [9].

FIGURE 10.11

Minimum number of fibers in the cross section of the yarns, depending on the spinning

method.
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At the same time, the influence of the yarn structure, preconditioned by the

spinning system, is also present. Gosh et al. [7] have found that at standard gauge

lengths ring spun yarns have the shortest lengths of the failure zone, compared to

the rotor, friction, and air-jet spun yarns. The internal arrangement of the fibers in

the yarn is with better migration and very good interlocking between them gives

the ring spun yarns an advantage compared to the other types of yarns. In fact,

the ring spun yarn structure leads to obtaining of best yarns’ failure resistance at

standard gauge lengths.

The decrement of the gauge length below the staple fiber length provokes an

increase of the strength of ring, rotor, friction, and air-jet spun yarns [7,10].

Being gripped by the two jaws of the testing instrument the two ends of most

fibers are firmly positioned and cannot move toward the neighboring fibers. Thus

the yarn failure appears much more due to fiber breakage than due to fiber slip-

page. The result is that the yarn strength increases and tends to the fiber strength

(which is always higher) and correlates better with the strength of the fabrics, pro-

duced with them [9].

The comparison between several types of yarn’s structures shows that at gauge

length well below the staple fiber length air-jet spun yarn’s failure appears at

greatest loads, compared to the ring, rotor, and friction spun yarns. The very high

proportion of core fibers in the structure of the air-jet spun yarns that are parallel

to the yarn axis contribute a lot to the yarn strength under tension. By analogy,

the friction spun yarn’s failure appears at lowest loads, as its inner structure

involve chaotic, looped fibers. Investigating the influence of the gauge length on

the yarn failure Hussain et al. [11] have found that there is no significant differ-

ence between ring and rotor spun yarns at relatively short gauge lengths.

10.4 Yarn failure depending on the strain rate
Yarn failure occurs faster when the extension rate increases. The elongation of

the yarn at the moment of the yarn failure is

E5
100Vt

60l
(10.1)

where E is the breaking elongation of the yarn, %; V is the extension rate, mm/

min; t is the time to yarn failure, s; and l is the test length of the yarn, mm.

It was considered that the rate of strain and the yarn failure load have a linear

relationship, but later investigations on the topic have found that the tenacity of

the yarns reaches a peak at a certain strain (around 20 cm/min) and then decreases

[12]. The conclusions were drawn after measuring the strength of ring and rotor

spun yarn structures at strain rates of 1, 10, 20, 50, and 100 cm/min.

The effect of the strain rate on the yarn failure can be explained by the

mechanics of the influence of the strength of the fibers on the strength of

the spun yarn. When the yarn is under tension, the transverse forces increase the
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tension between the fibers, provoking higher frictional resistance. Depending on

the twist and the packing density of the yarn, which in terms determines the posi-

tion of the fibers in the yarn structure, the fibers can realign to a certain extent.

The result is their better contribution to the tensile resistance of the spun yarn.

The load at low strain rate gives enough time to more fibers to relatively

move in relation to their neighbor fibers. As a consequence, the yarn failure

occurs much more due to the fibers’ slippage than to the fibers’ breakage. With

the increment of the strain rate, the influence of the load becomes catastrophic,

and the fibers’ breakage dominates the yarn tenacity. The brief time is not suffi-

cient for the realignment of the fibers, and the yarn tenacity decreases.

Balasubramanian and Salhotra [12] suggest that an optimum strain rate has to be

found for the appearance of maximum yarn tenacity.

10.5 Modeling of the yarn failure
The failure of yarns has been largely studied, as the research on the mechanical

properties of yarns dates back at least a century ago. In the last three decades, the

modeling of the yarn failure/strength, among other properties of the yarns,

became one of the most critical tasks of the research in the field of textiles.

Several theories were applied to evaluate the yarn strength (yarn failure) [13,14]:

• the force method based on the theory of the weakest link and the strain

distribution in the yarn;

• the energy method (with several modifications), which uses the principle of

the minimum potential energy;

• the finite-element method, quite complicated, with severe difficulties to take

the nonlinear effects of the fibers into account; and

• the method, based on the short-path hypothesis, etc.

Unfortunately, most of the models for prediction of the yarn failure do not

give the necessary accuracy of the theoretical results to be widely applied for dis-

tinct types of yarns.

The approach based on artificial intelligence is also applied to model the non-

linear relationship between the fiber material and the yarn tensile behavior.

Artificial neural networks and neuro-fuzzy models were used to predict yarn

strength among other yarn properties [15,16]. Statistical, mathematical, and artifi-

cial neuro networks were compared as the approach for modeling the yarn failure

elongation [17] and yarn tenacity [18].

Analyzing the mechanics of the yarn‘s failure Pan [4] claimed that at high-

twist levels there is a minor difference between the approach for calculating the

strength of staple fiber yarns and multifilaments. When the aim is yarn failure

prediction, the only difference between them is the length of the fibers (or mono-

filaments). Developing a model, based on Daniel’s statistical model for a bundle
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with parallel fibers and new theoretical considerations, they prove that at high-

twist levels a staple fiber yarn can be treated as a multifilament (continuous fila-

ment) yarn.

Support vector machine models were proposed by Yang et al. [19] for predict-

ing the yarn properties. The statistical learning theory was successfully applied

for the prediction of the joint influence of the variability in raw materials and the

machine variables during the multistage processing on the yarn failure. Furferi

and Gelli [14] applied a feed forward back propagation model for prediction of

the yarn strength by the parameters of the roving. The prediction error was less

than 4% compared to a multiple regression model.

In the recent decades the market demand for fabrics with technical applica-

tions provoked a paradigm shift in the requirements for the properties of the

woven textiles: nowadays their functional properties dominate over the aesthetic

properties in many textile applications. Fabric failure may be the decisive parame-

ter for the quality of the woven macrostructures; therefore the prediction of their

tensile strength became an important research task. Statistical modeling and artifi-

cial neural networks were widely applied.

Artificial neuro networks and Taguchi design of experiment were successfully

used to predict the relationship between parameters of fibers, yarns, and woven

macrostructure on the fabric failure [20]. A back propagation artificial neuro net-

work has been used for prediction of the tensile strength of a plain woven fabric

by Majumdar et al. [21]. A multiple linear regression technique was applied to

assess the effectiveness of the neuro network modeling. It was found that the

strength of the warp yarns and the yarn density in the warp direction have the

most significant role for the failure of the woven macrostructure. Recently, a

mind evolutionary neural network was applied to predict the tensile behavior of

cotton spun yarns [22]. A neural network coupled with response surface method

and based on Grey Wolf Optimizer was also used in modeling of the failure of

ring spun yarns (Sirospun process) [23].

10.6 Yarn failure in fabrics and composite structures

10.6.1 Yarn failure in fabrics

Most of the yarns are used for weaving or knitting of fabrics, representing the

mesostructure of the woven (Fig. 10.12) or knitted (Fig. 10.13) macrostructures.

The exploitation of the fabrics differs from the tests, applied to the compound

yarns, including the tensile tests. During wearing, storing, and washing, textiles

are subjects to specific mechanical stresses [24]: they can be exposed to strain

forces of 20% or more [25], load of thousands of Newtons per meter [26], and

forces that make them bend to radii of less than 1 mm [27].

The yarn failure in fabrics, woven into plain and twill weaves has been studied

in Ref. [28]. Yarns were produced on ring, rotor, and air-jet spinning machines
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and their failure under uniaxial tension in similar woven macrostructures was

experimentally tested. It was found that the magnitude of the fabric strength

exceeded the tensile strength of the single yarn. The results are valid especially

for dense fabrics, where the yarns experience more extended contact pressure

zones alongside their length, thus decreasing the chance for in-fabric yarn failure.

In fabrics with high warp and weft density, most of the isolated in-fabric yarn

failures appear at the bend locations between the threads of the two perpendicular

systems of yarns. Rotor and ring spun yarns break abruptly, which results in a

very short yarn failure zone. The same type of break was observed for yarn fail-

ure at near zero gauge length [28]. The in-fabric failure of the air-jet spun yarns

was quite similar to that of ring and rotor spun yarns.

In woven macrostructures, with lower warp and weft density, the in-fabric

yarn failure is similar as topology and mechanics to the single yarn failure (out of

the woven macrostructure), with additional pressure in the lateral direction. The

longer distance between the yarns does not provoke jamming of the cross yarn;

thus the yarn failure could appear at different places, not necessarily at the band-

ing point, where the highest local fiber strain would occur in dense fabrics.

One interesting direction to use the common staple yarn structure and tensile

properties in new areas like the functionalized textiles is the recently proposed

technology for hybrid yarns [29]. Nanofibers are applied in the inner structure of

untwisted staple yarns, and after the retwisting of the yarn both textile fibers and

FIGURE 10.12

Microscopic view of a woven macrostructure.
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nanofibers are integrated together. The tensile strength of the hybrid yarn is

enough to further be manufactured into woven or knitted macrostructure, giving

floor for obtaining of functionalized textiles of a new type.

10.6.2 Yarn failure in composite structures

The composite structures consist of two or more materials with considerably dif-

ferent properties. One of the materials is the binder or matrix, which binds

together and surrounds the components of the other material (fibers) that is called

reinforcement. The result is a composite material with unique properties and

applications.

Fiberglass is an example of the first modern human-made composite materials:

the matrix is plastic, reinforced by the glass, formed as fine threads that are usu-

ally woven into a glass fabric (Fig. 10.14). Glass fibers, being made of brittle

material (Fig. 10.15), would break without the protection of the matrix. On the

other hand, the plastic binder increases its strength extremely, acting together

with the glass fibers and using their very high sturdiness.

Carbon fibers are used as a substitute for the glass fibers, as they are stronger,

but lighter in weight (Fig. 10.16). Their high price makes them still applicable in

some expensive market niches like aircraft structures or special sports equipment.

FIGURE 10.13

Microscopic view of a knitted macrostructure.
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Carbon nanotubes (CNTs) are the next generation of carbon fibers, involved

in the production of composite materials that are even lighter and stronger than

the ordinary carbon fiber reinforced composites. Despite their very high price,

FIGURE 10.14

Fiberglass woven macrostructure.

FIGURE 10.15

Fiberglass material.
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the CNTs are very promising for construction of cars and aircrafts that are lighter

in weight and will consume less fuel.

Several studies were dedicated to the development of models for prediction of

the strength of the fabric platform in fabric reinforced composites, as well as the

strength of the resulting composite materials. Some of them started with describ-

ing the yarn failure in the compound textile platform. Ko and Pastore [30,31]

developed a model of the yarn orientation in a three-dimensional (3D) braided

preform to estimate the influence of the yarn strength on the strength of the textile

platform. The last step was to predict the composite strength.

Geometry model of braided fabric and the maximum strain energy criterion

were applied to predict yarn failure in a reinforced composite [32]. A simple lin-

ear model for yarn bending was also applied together with the model of the fabric

platform to predict the yarn failure and the resulting strength of a two-

dimensional (2D) triaxial braided composite material [33]. Naik [31] proposed a

general purpose technique for analysis of both woven and braided fabric rein-

forced composites. It allowed predicting the failure initiation, the progression of

the composite damage, and strength of a 2D textile platform.

Recent studies involve both numerical and experimental investigation of the

low velocity failure in woven composites with polymer matrix [34], global and

local determination of the failure in composites, based on interlock woven fabrics

[35], and application of fiber-based continuum analysis for investigation of the

mechanical behavior of 3D woven and braided composites [36].

The review paper of ElAgamy and Laliberté [37] gives a valuable insight into

the development of the geometrical modeling of composites, reinforced with

FIGURE 10.16

Carbon woven macrostructure.
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textiles. It presents the geometrical models of textile structures, used for predict-

ing the yarn and fabric behavior, including their failure. One- and two-

dimensional models for modeling of textile reinforced composites are discussed,

together with the software codes available today for modeling of composite’s

structure and behavior. The general conclusion is that there is still not a single

model, which can be applied for weave structures of different dimensions in any

deformed state, as most of the models, though different in their input strategies,

complexity, and output results, are restricted to specific textile structures or output

data.

10.6.3 High-strength yarn failure

High-strength fabrics are used for protective clothing for military personnel and

law enforcement, as well as in different protective applications, for example, tur-

bine fragment containment barriers. The research on aramid and other high-

strength fibers, as well as on fabrics made of them and their applications, is exten-

sive in both experimental field and numerical modeling.

The failure of high-strength yarns is rate dependent to a great extent. The rate-

sensitive mechanical properties of Kevlar yarns were studied in Ref. [38]. The

research of Dooraki et al. [39] has found that failure strengths of Kevlar yarns

show limited dependence on the strain rate, while products from Zylon and

Twaron have a more significant strain rate dependency. Despite the availability of

data for the failure of single fibers, they cannot be scaled up or extrapolated for

the yarns consisting of many fibers or the 2D or 3D woven or knitted textiles. It

also results that the strain rates, measured in static experiments, are orders of

magnitude smaller than the strain rates, which are observed in ballistic tests.

The statistical nature of the properties of the yarns from high-strength fibers

results in the probabilistic behavior of the fabrics made of them. For example, the

projectile can engage a set of weaker or stronger set of yarns at the impact site,

which can result in penetration (with different velocities) or nonpenetration at all

[40]. Several methods for dynamic tensile tests of high-strength fibers and fabrics

are available, and the research on the dynamic phenomena and the influence of

various factors on both the tensile failure of fibers, yarns, and fabrics and the

measurement parameters on the results obtained is continuing. A lack of general

agreement on the methodologies applied for dynamic tests is observed [41].

Different techniques for experimental measurement of high-strength materials are

reported in the literature: split Hopkinson pressure bar, flywheel facilities, falling

weight devices, servo-hydraulic machines, etc.

An analytical model of the single Kevlar yarn ballistic impact, based on the

momentum theory, was proposed in Ref. [42]. Composites, reinforced by Spectra

polyethylene fibers, were investigated in terms of their penetration failure [43]. It

was found that the ratio of the yarn failure in the fabric to that of the composites

correlated with the energy absorption ability of the composites. The viscoelastic
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behavior of Nomex, Kevlar, and polypropylene yarns was studied in Ref. [44],

and the specific nonlinear effects and their sources were discussed.

Shin et al. [45] studied the cut resistance of high-strength yarns, under

tension-shear load. Among the three investigated yarns it was found that the cut

resistance of Zylon (polybenzobisoxazole) yarns was higher than that of spectra

(polyethylene) and Kevlar (aramid) for all investigated slice angles, the sharpness

of blades and pretension values. The reduction of the yarns’ cut resistance with

the increment of the yarn pretension was also observed and analyzed.

Numerical study on the combined effect of the yarn tensile strength and the

friction between the yarns in the fabric as well as fabric clamping and projectile

impact location on the probabilistic impact response of woven Kevlar fabrics was

presented in Ref. [46]. As the tensile failure of a Kevlar yarn is statistical in

nature, it was modeled in the study by Weibull strength distribution.

The target boundary conditions are of particular importance for fabrics ballis-

tics effectiveness. Shin et al. [45] have found that a gripped on four corners fabric

made of high-strength yarns (Zylon and Spectra) absorbs more energy; in addition

to the yarn failure, a corner-hole failure appears as well. The study also concluded

that the ballistic fabrics absorb more energy when the yarns are oriented at

45 degrees to the edges in comparison to fabrics where the yarns are parallel to

the edges.

10.6.4 Failure of yarns from brittle high-performance fibers

Carbon and glass fibers are high-performance, brittle fibers, frequently used in

structural engineering. The problem with their utilization is that every step in the

production process may lead to failure of the fiber bundle. Only a few fibers in

the yarn could be damaged, which will not lead to yarn failure and breaking of

the production process, but this microdamage will reduce the strength and other

bearing parameters of the yarn, the fabric and the composite material as the final

product.

The increased application of these materials requires tools for analysis and

simulation of the process parameters and their influence on the behavior of the

final product. The simulation models are based on the description of the compos-

ite mesostructure: modeling of the single yarn [47]. Simulation models based

even on the microstructure, for example, modeling of every single filament in the

yarn, are also available [48,49].

The relative fiber volume preconditions the strength of the brittle fibers; there-

fore a statistical approach is used for development of the models. Kun et al. [50]

proposed fiber bundle models, based on the interaction of the fibers and Weibull

distribution failure criteria. Actually, during the last 20 years, such models have

been used to describe materials degradation in a broad class of applications, even

to earthquakes and social phenomena [51,52]. Commercial numerical codes,

based on finite elements method like ABAQUS, have implemented material mod-

els with Weibull-distributed failure criteria [53,54].
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Besides the microscale modeling, Döbrich et al. [49] have done experimental

tests for the yarn failure of a single carbon filament and carbon multifilaments. It

was found that both the failure strength and the failure elongation of the multifila-

ment decreased in comparison with the failure strength and elongation of the sin-

gle monofilament. The gauge lengths of the two tests were different: smaller for

the single carbon monofilament (20 mm) and longer for the multifilaments

(500 mm), which could provoke higher failure strength to be obtained (as dis-

cussed earlier). Another point for argument after the tests was the decrement of

the failure elongation in case of the carbon multifilament (from 2.22% to 0.77%),

a matter of the Weibull-distributed failure behavior [40].

Hybrid yarn manufacturing is a way to incorporate brittle fibers in high-

performance structures, which have better tensile performance in the resulting

composite materials. Hasan et al. [55] reported research on the properties of

hybrid yarns, made from carbon filament yarns and polyamide filament. It was

found that the adhesion properties of the carbon filament and the composite

matrix are improved, thus showing good potential for application in textile rein-

forced thermoplastic composites.

10.6.5 Carbon nanotubes yarn failure

Yarns from CNTs can be applied for reinforcement of lightweight composite

structures [56]. These yarns consist of hundreds to millions CNTs in the cross

section and can be twisted, reaching a strength that is much higher than the

strength of Kevlar and graphite yarns: the breaking energy for CNTs yarns is

from 110 to 975 kJ/kg while the same value for Kevlar yarns is around 33 kJ/kg

[57].

The twisting of CNTs yarns makes them more regular, allows them to contract

radially when stressed and to transfer the load more efficiently. The yarn failure

due to an extension to break is ductile-like, showing evidence for nanotubes frac-

tion, pull-out, and sliding [56]. At the same time, the CNT yarns show very little

unraveling, compared to conventional staple fiber yarns, when elongated to fail-

ure. The difference is supposed to be as a result of the extremely high contact

area between the CNTs [58], which is not valid for the interfacial surface between

the fibers in the conventional yarns.

Like conventional ring spun yarns, CNT yarns are as better as lower is the dis-

persion in their strength. The increment of both the CNT yarn’s diameter and the

twisting angle decreases the dispersion in the measured values of the yarn failure

under tension. The weakening effect from the gauge length increment becomes

smaller.

The composites, reinforced with CNTs yarns, have lower strength than the

yarns [56]. Despite of this, the same rule is valid as for the fabrics from conven-

tional spun yarns: stronger composites are manufactured from stronger CNTs

yarns.
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Different models have been developed to predict the yarn failure of CNT

yarns. Beyerlin et al. [56] applied the Monte Carlo method for the prediction of

the relationship between both the yarn’s nanostructure and its tensile strength and

CNTs yarns’ strength and the failure of composites, reinforced with them. Beese

et al. [59] used a Monte Carlo based model for predicting the correlation between

the CNTs yarns failure and their porosity and alignment.

10.6.6 Yarn failure in electronic textiles

Electronically functionalized textiles offer clear benefits and have several com-

mercial applications. They can be found in medicine, where they measure physio-

logical parameters and even react, giving signals for people’s action, give

medication, etc. The incorporation of visual effects or light sources gives the tex-

tiles the functionality to give signals or to be used for communication. Electronic

smart textiles are also used for ensuring the thermophysiological comfort of peo-

ple [60].

The electronic textiles involve textile phase and electronic components, such

as sensors and actuators, organic photovoltaics, and light emitting diodes [61].

The circuit of the system is built by using conductive yarns, among the regular

fibrous yarns. The presence of conductive yarns allows several new functionalities

to be attached to the textiles and used widely in different applications: from moni-

toring of vital functions of the body to fashion design.

The conductive yarns are incorporated into the classical textile macrostructure

mainly by weaving [27,62], knitting [63], embroidery, [64], stitching, and lamina-

tion [61].

During the weaving and knitting processes, the conductive yarns are mixed

with the regular threads, following the same pattern. The inflexible components

of the electronic textile (e.g., sensors) are mounted on a later stage. If the conduc-

tive yarn is stitched to the fabric, it is guided by the needle and fixed on the tex-

tile layer by the counter thread (that can also be conductive). In the case of

embroidery, a separate, not conductive thread fixes the conductive yarn on the

fabric’s surface.

The more the field of application of electronic textiles is expanding, the more

the market demand to produce well-designed, comfortable, and durable terms of

care and exploitation items grows. In this sense, the conductive yarn performance

and failure become very important, as it creates a functional unit or assists the

interconnection between two or more functional units [65].

Different types of conductive yarns are used to produce the circuits of the

electronic textiles [61]:

• polyfilament yarns, wrapped with a metal foil;

• core yarns made of a polymer core and fiber coated with a silver coating (e.g.,

silver plated polyamide yarn); and
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• fully conductive yarns of a copper core and additional protective coating made

of noble metals (silver).

The conduction abilities and the strength of the conductive yarns vary. If the

yarn failure appears at low tensile load, the embroidery is the preferable technol-

ogy instead of stitching.

A distinctive feature when incorporating the conductive yarn into the textile

macrostructure through weaving is that the conductive yarns are deformed on the

loom due to the crossing of the warp and weft threads. de Vries and Peerlings

[24] studied the failure of metallic filaments (consisted of 20 silver plated copper

yarns) in connection with the linear density of the regular threads in the weave

(polyester staple fiber yarns) and the weft density of the fabric. It was proved that

the conductive yarns’ failure appears at lower values than the electrical failure, so

the results question the need for an electrical test to determine the conductive

yarn maximal elongation. The study [24] goes further, proposing to omit the

mechanical test for the yarn failure as well because it proposes a model that

allows predicting the extensibility of the conductive yarn by the linear density of

the regular (nonconductive) yarns in the woven macrostructure and its weft den-

sity (picks/cm).

10.7 Conclusion and future trends
There is no doubt that modern studies in the field of yarn failure are dedicated

mainly to yarn strength issues in sophisticated, hi-tech structures such as textile

reinforced composites, functional textiles, and electronic textiles. Far fewer stud-

ies today are focused on theory, experimental research, mathematical modeling,

and computer simulation of classic fibrous yarns produced by classic spinning

technology and used in traditional textiles. This trend is fully explained by the

rapid development of innovative technologies and the ever-expanding range of

products that contain textile components (and in particular yarns) and has differ-

ent hi-tech applications. Studies on hybrid yarns, high-strength yarns, and conduc-

tive yarns are just some of the challenges that modern research on yarn failure is

facing.

At the same time, the review of publications on yarn failure in different textile

applications shows that there is still no universal model describing the structure

of a staple fiber yarn, obtained through different spinning methods. A general

model of yarn strength also lacks for both staple fiber yarns and filaments. The

developed powerful computer codes to simulate the complex hierarchical struc-

ture of fabrics and composites use practically imperfect mathematical models of

their mesostructure (yarns and filaments), thus introducing further simplifications

into the 2D and 3D simulations of the fabrics and composites, leading to inaccu-

racies in the final numerical results.
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In this sense, methods based on artificial intelligence contain perhaps the high-

est potential for a correct, near-realistic description of the whole set of factors

that affect the yarn’s strength, structure, and other properties that are important to

their different applications.

Finally, but not least, this, though a brief review of the studies on yarn failure

shows that research issues that once required good knowledge of classic textile

technology, yarn strength testing methods, and a well-functioning dynamometer,

today require detailed knowledge in many different areas of science, which are

often too far away from textile science and practice. On the one hand, this neces-

sitates a paradigm shift in classical textile training and, on the other hand, shows

that the interdisciplinary, collective work of research teams is not only necessary

but also inevitable.
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CHAPTER

11Textile failure analysis and
mechanical characterization
using acoustic emission
technique

Carlos Rolando Rios-Soberanis
Centro de Investigación Cientı́fica de Yucatán (CICY), Mérida, Mexico

11.1 Introduction
It is very well known that architecture/geometry of textiles has considerable

effects on their mechanical behavior being of significant interest for the satisfac-

tory performance of these fabrics as reinforcement in composite materials. For

example, textile dimension decreases/increases when the cloth is strained, cloth

shrinks when the fibers swell on wetting, and sites of stress concentrations

magnify when textiles are stretched by external stresses. Consequently, the

stress�strain behavior of the constituent fibers and the fabric structure are the

main factors that influence the short-term mechanical properties. Studies deter-

mining the effect of fabric geometry have supported numerous parameters to be

considered when manufacturing a textile for any application, such as the predic-

tion of the maximum mechanical capabilities by taking in account the main acting

directions, dimensional properties, textile behavior on site, among others.

Additionally, the geometric structure developed in the fabric depends on the fiber

entanglement, fiber orientation in the web, and needling process parameters. Such

arrangement will dictate, at the end, the performance behavior of the final textile.

The failure mechanisms, then, will be governed by the textile construction and

nature. This emphasizes the importance of evaluating the textiles mechanical

behavior in order to understand its limits by identifying its mechanical sequence

events during the application of external stresses. Acoustic emission (AE) tech-

nique exhibits high potential to characterize failure mechanisms in composite

materials. In textile-reinforced composites, such damage events can be associated

with architecture/geometry of textiles interweaving. In order to correlate AE sig-

nals to their corresponding failure mechanisms, signals are to be obtained from

textile/epoxy-laminated composites subjected to tensile tests. Several mechanisms

take place at different stages of the loading process (e.g., delamination, fiber/

matrix interfacial debonding, matrix cracking, fiber/matrix friction and rubbing,

and fiber breakage). AE signals perceive the energy of elastic waves when
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released by a composite damage event; hence, such energy can be correlated to a

specific mechanical event and, at the same time, to a textile geometric interweav-

ing structure.

11.1.1 Textiles architecture

Nowadays, the textile industry has developed advanced technologies allowing the

fabrication of fabrics with complex structures and geometries that provide them

with particular properties. Several factors can interact in the manufacturing of

fabrics such as the distribution of fibers in two or three dimensions as well as

combinations of different types (even in nature: i.e., ceramic metallic or poly-

meric) of fibers in the same textile (named commingled textile). Fabrics can be

manufactured by different techniques depending on the architecture they will

have at the end. Such techniques lead to knitted, woven, and nonwoven textiles

architecture.

Fig. 11.1 exhibits the most common raw materials used for textile manufactur-

ing depending on the nature of the fibers and a wide classification of fabric

architecture. Textile materials are characterized by the distinct hierarchy of inter-

weaving geometry structure as stated by Hearle [1] and Lomov et al. [2]. It is

indicated that the description of the nature of textiles based on its geometry

defines the mechanical behavior and the mechanisms of failure. Therefore the

hierarchal sequence in textiles conformed by fiber, yarn, and interweaving are of

vital importance to take full advantage of fabric versatility.

FIGURE 11.1

Most common raw materials for textiles manufacturing.
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A general accepted textile architecture classification, displayed in Fig. 11.2,

can be considered as follows.

Woven: Woven fabrics are fabricated on looms in a wide variety of weights,

weaves, and widths. Bidirectional woven fabrics provide good strength in the

0- and 90-degree directions. They allow easy to handle and provide biaxial

strengthening when used as reinforcement; however, the waved points, where the

fibers are crimped as they pass over and under one another, can act as stress

concentration sites when loads can generate damage initiation.

Nonwoven: Such textiles are considered lacking of crimped points since the

yarns do not cross over each other and they can be arranged randomly or unidi-

rectionally oriented. Nonwoven fabrics can be subclassified as stitched and non-

stitched based on the yarns arrangement. Nonstitched materials are commonly

known as mats that are nonwoven fabrics providing equal strength in all direc-

tions. These fabrics come in two distinct forms: chopped and continuous strand.

Chopped mats contain randomly distributed fibers that are held together with a

chemical binder and use to be inherently weaker than continuous strand mats. On

the other hand, stitched fabrics are created by placing yarns into the desired align-

ment and stitching them together. This process allows great flexibility in yarn

alignment because the yarns can be laid in practically any arrangement, including

orienting all strands in one direction. Moreover, the proportion of yarn in any

direction can be selected at will [3].

Knitted: In the textile industry, there is a large range of fabric structures that

can be classified as knitted. In general, these fabric architectures may differ in

appearance but they are all made up of interlocking loops of yarn. Knitted fabric

possesses excellent drapability that makes them to be considered in the manufac-

ture of parts of complex shapes (e.g., parts with double curvatures). The tailor-

ability of these components is varied and depends on the knitted fabric type and

FIGURE 11.2

Textiles architectures: (A) woven, (B) nonwoven: stitched and nonstitched (mat), and

(C) knitted.
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architecture to suit specific structural requirements. The fabric themselves are

normally manufactured through modern techniques developed by the textile

industry and several knitting geometry configurations are possible to achieve.

Since the fabric yarns are oriented in a repeating series of intermeshing loops, the

direction of the fibers is changing continuously in three dimensions.

Textiles mechanical properties are intimately related to its architecture, which

is simply the geometry of the yarns interweaving. Generally, for structural and

engineering applications, the main properties that are normally taken in consider-

ation are stiffness, strength, and resistance to damage growth. However, due to its

complicated microstructure, appreciation of mechanical properties of textile mate-

rials is still not completely understood especially when architecture exhibits com-

plex conformation. The influence of the variability of the fabric internal geometry

on the mechanical properties is estimated depending on the orientation where the

external applied stresses act [4].

Textiles are versatile materials used widely in diverse applications from cloth-

ing to engineering. Mechanical properties, as in all materials, are prevailing to

emphasize when choosing a textile for a determined enforcement. Typical textile

mechanical characterization covers, among others, stretching (tension), tear, open-

ing size, nominal thickness, mass per area, punctures strength, etc. All are condi-

tioned by standard designation test method (ASTM). However, to study stress

concentration sites that lead to crack initiation and propagation until fabric frac-

ture is quite complicated. Rios et al. [5,6] analyzed fracture damage mechanisms

of knitted textile by placing the cloth into epoxy resin employing a simple wet

layup process. The result is a composite material, which is completely transpar-

ent. Therefore the cloth reinforcement architecture can be seen clearly through

the composite and it allows the cracks to be observed running along the sample

easily, thus the initiation sites and further processes can be related to the textiles

geometry.

11.1.2 Textiles-reinforced composites

Composite materials reinforced with textiles have been widely investigated in the

last three decades, and in the recent years, they have received increasing interest

from the composite materials community [7�10].

Textile technology is becoming highly applicable in a wide range of new

applications such that it is replacing current metal technology in several fields

even modifying old traditional composite manufacture processes, such as auto-

clave and prepregging. The main reason is the potential of the textile-based com-

posite materials for reducing manufacturing costs and improving processability as

well as having minimum material wastage and reducing production time. On the

other hand, their mechanical properties can be tailored to increase and enhance

their engineering performance. In the last years of the 20th century, conferences

devoted to composite materials had burgeoning specialized sessions on textile

reinforcements [11].
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Fabric-reinforced “textile” composites potentially have better out-of-plane

stiffness, strength, and, toughness properties than tape laminates. They are also

amenable to automated and efficient manufacturing techniques. However, the

architecture of a textile composite is complex, and therefore, the parameters con-

trolling its mechanical properties are numerous. Considerable research has been

directed at understanding the behavior of composites made using a textile-

manufacturing technique in an attempt to gain industrial acceptance [12,13]. Over

the past years, the textile-manufacturing industry has developed the ability to

elaborate net-shaped fabrics using highly automated techniques, such as stitching,

weaving, braiding, and knitting. In the manufacture of preforms for advanced

composite materials, textile technology has been under intensive investigation due

to the potential of these to produce low-cost high-quality structures with improved

mechanical performance.

Investigations concerning to damage development and fracture mode are

important for two reasons: first, in order to give confidence in the wider use of

these materials and, second, to gain a better understanding of damage accumula-

tion, which is intimately related to their energy-absorbing characteristics.

11.1.3 Acoustic emission technique

In order to predict the mechanical behavior of a material during its service life, it

is important to evaluate its mechanical response under different types of external

stresses by studying the initiation and progression of damage along the effects

induced by external environmental factors and degradation. The onset of damage

is related to the structural integrity of the component and its fatigue life. For this,

among other reasons, nondestructive techniques such as AE have been widely

used at the present time for almost any kind of materials characterization. This

method has demonstrated excellent results on detecting and identifying initiations

sites, cracking propagation, and fracture mechanisms of polymer matrix compos-

ite and ceramic materials

The understanding about damage generation from initiation and propagation

until total fracture is of great importance for the materials design, development,

and application. Microstructural failure mechanisms are strongly dependent on

several factors in any material such as the nature of the components, reinforce-

ment/matrix interface, volume fractions, reinforcement geometry, etc. Several

studies have proved the efficacy of AE technique by identifying different types of

damage mechanisms; for instance, fiber-reinforced composites exhibit matrix

damage (e.g., matrix microcracking, coalescence of microcracks, matrix/matrix

friction), interfacial debonding (e.g., fiber/matrix, bundle/matrix), fiber/matrix and

fiber/fiber friction, and fiber and bundle breaks [14�16].

The AE technique is based on the detection of acoustic waves from ultrasonic

level generated by the process of a rapid propagation of a microflaw or another

kind of mechanical energy source [17,18]. Piezoelectric sensors perceive the emit-

ted signal from the damage notation site by the surface dynamic movement and
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convert it in an electrical response. Generally, a frequency between 50 kHz and

1 MHz is used since lower frequencies are related to external noise produced by

environmental racket including equipment vibrations.

Undoubtedly, the acoustic signal response is very versatile due to the wide

variety of parameters that can be identified. Fig. 11.3 exhibits the obtained data

through the AE technique where it is possible to correlate the registered signals to

the failure mechanisms events of a given material identifying damage develop-

ment stages, such as microcracks, delamination, interface failure, matrix cracking,

fiber breakage, etc. The most important setting for the reliable acquisition of AE

information is the threshold value since only signals that cross the predefined

threshold level are registered and evaluated. By this means, acoustic signals emit-

ted by the material under stress (e.g., tension, compression, and bending) are

isolated from external noise due to equipment vibrations [19].

FIGURE 11.3

Typical parameters of AE signals.
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When a material is stressed, there is a natural opposition to deformation (resis-

tance), once a certain point is reached; system discontinuity appears in the materi-

als as microdamage. When damage initiates, energy is released, in consequence,

elastic/mechanical waves are transported through the bulk in a velocity that

depends on the material’s nature. Such ultrasound signals are collected by the AE

sensors. Therefore one of the most important features of AE technique is the abil-

ity to localize the source of a damage event [20]. Following the evolution of

source locations, the technique can lead to a better insight into the materials

behavior under load resulting in the four-dimensional image of defect develop-

ments. By using the adequate number of sensors, covering an area of the analyzed

material, mechanical waves will take an arrival time to get the sensors, and

extrapolating these arrival times, the source can be found (Fig. 11.4).

AE is defined by ASTM E 610 as “. . .the class of phenomena whereby tran-

sient elastic waves are generated by rapid release of energy from localized

sources within a material, or the transient elastic waves so generated” and by The

American Society For Nondestructive Testing as “. . . the elastic energy that is

spontaneously released by materials when they undergo deformation.”

11.1.4 Textiles mechanical and damage characterization

Several researchers, from different applicative and characterization perspectives,

have studied mechanical behavior for textiles. In our personal circumstance,

fabrics have been analyzed depending on its application or their architecture/

geometry structure; therefore three different scenarios will be discussed next.

Case 1—Damage analysis in knitted fabric
Among textile techniques, knitting is particularly suited for the manufacture of

composites with elaborated three-dimensional shapes since structures with com-

plex profiles can be very difficult and expensive to manufacture using standard

FIGURE 11.4

Damage source location by using an AE technique.
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prepreg or wet layup technology. This advantage of knitted fabric (i.e., the ability

to be shaped) is due, as it is well known, to its fiber architecture. The use of knit-

ting technology with advanced fibers, such as glass, carbon, and aramid, to pro-

duce near-net-shape fabrics has received increasing interest in recent years from

the composite materials community. Knitted fabrics have the potential of being

used in engineering structures with complex shapes in conjunction with a

suitable liquid molding technique, such as resin transfer molding, due to their

excellent drapeability and manufacturability. Composites of this type, based on

knitted fabrics, are a relatively new class of materials and extensive analysis in

the area of damage development has not yet been carried out.

Such investigations are important for two reasons: first, in order to give confi-

dence in the wider use of these materials and, second, to gain a better understand-

ing of damage accumulation, which is intimately related to one of the major

advantages of knitted fabric composite (i.e., their energy-absorbing characteristics).

Many authors have commented on the development of damage during tensile

loading of knitted-fiber composites. There has been general agreement that (1) for

loading in the wale direction, the initiation of damage occurs due to fiber bundle/

resin matrix interface failure at the needle or sinker loops, with subsequent link-

ing of this damage to form long cracks; and (2) for loading in the course direc-

tion, the damage initiates from the sides or legs of the loops [21�23]. However,

in most studies to date, it has only been possible to draw conclusions based on

analysis of the final fracture surfaces of the composites.

The architecture of knitted fabrics involves many important factors that con-

tribute to their final behavior, including loop length and loop shape. Knitted loops

are arranged in rows and columns, roughly equivalent to the weft and warp of

woven structures and are termed courses and wales, respectively. A course is a

horizontal row of loops produced by adjacent needles during the same knitting

cycle. A wale is a vertical column of loops produced by the same needle knitting

at successive knitting cycles, and thus intermeshing each new loop through the

previous loop. The wale direction is stiffer, whereas in the course direction, the

flexibility is higher. Such orientations are strategic to understand the fabric

mechanical behavior. Fabric architecture used in this research is schematized in

Fig. 11.5. In the Milano weft rib structure made up of glass fiber, each repeat con-

sists of three courses—two rows of single threads, knitted together by a row of

13 1 rib. Consequently, the resultant fabric is balanced, that is, both the face and

the back surfaces are identical in construction. In courses 2 and 3, the fiber tows

are knitted only in one face, either front or back, whereas course 1 (the rib thread)

holds together courses 2 and 3.

In order to observe the damage development and the architecture effect on

cracking progression, a textile-reinforced composite was manufactured. The pro-

cess consisted in placing a single cloth of Milano weft-knit textile produced from

E-glass yarns to be impregnated with an epoxy resin and cured at high tempera-

ture (wet layup). This technique produced highly transparent, void-free laminates

with a fiber volume fraction of 13%6 0.5%. The single fabric in the composite
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can be easily observed through the composite so crack progression can be moni-

tored and correlated to its geometry. Laminates were made with the knitted fabric

oriented at different angles by varying the direction of the fabric in order to cut

off samples at 0-, 30-, 45-, 60-, and 90-degree angles. Coupons were mechani-

cally tested on tensile mode and AE sensors were attached to the surface of the

samples in order to identify ultrasonic wave signals coming from microdamage

events. Fig. 11.6 exhibits the damage sequence and cracking progression of the

knitted composites under tensile stress for each angle tested. It is clear that the

cracking pattern that it develops is intimately connected with the fabric architec-

ture along the orientation of the acting stress. Sequence of events indicates that

for wale direction (0 degree), significant cracks appeared first at 1.10% strain in

the plane, where the float stitch of courses 2 and 3 are together possibly due to

the strain magnification caused by adjacent tows. These cracks have a spacing of

4 mm, which is the dimension of the repetitive unit in the knitted fabric. When

these sites have been used, then at a higher strain, cracks develop where the rib

holds threads 2 and 3, giving a final crack spacing of 2 mm, which is the wale

direction dimension of a single loop. Onward, from 30, 45, and 60 degrees,

damage onset decreases reducing mechanical properties and crack density aug-

ments since flaws can run freely along the loops legs. Knitted fabric crossover

yarn points seems to be dictating the path for cracking development.

Crack density increases fairly uniformly for 90-degrees sample since cracks

are able to propagate freely and grow following the legs of the loops. As the

cracks curve to follow the needle, or head, of the loops, they cross a loop and,

hence, take on a branched appearance. In this orientation, it is easy for the

FIGURE 11.5

Schematic diagrams of the Milano weft-knitted fabric structure.
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developing matrix cracks to link up as they grow. All these sites coalesce to prop-

agate the cracks along the sample perpendicularly to the load direction by running

on the sides or legs of the loops.

Sections from the tested samples were cut out using the diamond saw,

mounted in epoxy resin, and polished in order to obtain information about

FIGURE 11.6

Crack development for the samples with the fabric layer in the 0-, 30-, 45-, 60-, and 90-

degree directions.
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damage initiation and cracking development in relation to the knitted fabric archi-

tecture. Samples were taken both parallel and perpendicular to the loading direc-

tion (Fig. 11.7). Crack initiation points can be observed in the crossover yarns.

Damage first appears as fiber/matrix interface failure.

AE technique assisted the damage onset identification and the location of the

microcracks. Fig. 11.8 exhibits stress�strain AE events curves for samples tested

at 0 and 90 degrees. AE signals are early detected at 90 degrees (B0.7%) in com-

parison with samples at 0 degree and, in both cases, elastic waves are sensed

before significant damage is noticed indicating that such flows are at microlevel.

When the stress is increased, energy and amplitude signals are higher correlated

to fiber/matrix debonding/friction, matrix cracking, and fiber fracture.

Samples were transversally cut when first AE signal was detected in order to

observe the composite cross-sectional area into microscope to relate crack onset

to textiles architecture. It was found that microdamage initiated in the crossover

yarn points of the knitted fabric (Fig. 11.9).

The influence of the knitted fabric architecture in determining the damage

development in the knitted textile reinforce composites was shown in the results.

FIGURE 11.7

Structure of the knitted fabric composite (A) viewed perpendicular to the load direction

and (B) viewed parallel to the load direction.
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The identification of the predamage as occurring in the crossover points in the

knitted fabric architecture was identified and determined by the transparency of

the coupons, together with the employment of the AE technique. It was demon-

strated that the most important sites for predamage occur in the fabric planes

where the float stitch of courses 2 and 3 are held together. In all the samples, the

FIGURE 11.8

Stress�strain AE events for textile composite at (A) 0 and (B) 90 degrees.

FIGURE 11.9

Micrograph showing microdebonding between courses 1 and 2 crossover point in a

coupon tested in the wale direction.
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development of the matrix cracks was observed to initiate at these crossover

points perpendicular to the load direction and independent of the angular

orientation.

Case 2—Damage sequence in multiaxial noncrimp fabrics
Noncrimp fabrics (NCFs) have fulfilled the requirements of manufacturing multi-

axial textiles by knitting threads in order to bind together multiple layers of large

unidirectional yarn bundles; besides, they combine a perfect placement of the

reinforcing fibers with easy, inexpensive, and automated manufacturing to pro-

duce textiles-reinforced composites [24,25]. Mechanically speaking, the threads

do not bear the loads (external stress), but hold uncrimped yarns in place prior to

the infusion of resin. However, binding threads can be considered as stress con-

centrators since they stitch all the layers crossing them transversally. By this

reason, mechanisms of failure in the NCFs may generally be linked to crimp in

the tows.

A great advantage in NCFs manufacture is that they are textile preforms with

multiaxial layers of fiber bundles stitched together in directions desired for struc-

tural design. During its construction, NCFs are stacked in an established sequence

in order to provide multiaxial strengthening at different angles. The architecture

of the NCFs implies that these materials are heterogeneous not only at the micro-

scale but also on the mesoscale (fiber bundles) [26].

The form and architecture of the fibrous reinforcement is perhaps the single

most important component determining both the performance and cost in a textile

composite material. It is very well known that any reliable damage tolerance

analysis (experimental and model estimations) for textiles-reinforced composite

structures must involve criteria based on failure mechanisms where fabric archi-

tecture/geometry plays a very important role in its mechanical performance.

In this experimental case 2, an attempt to contribute to the understanding of

the damage and degradation process in tension load of E-glass fiber multiaxial

non-NCF-reinforced epoxy composites is discussed. The particular interest of this

study is the development of damage during tensile loading in order to identify the

initiation sites and cracking progression until total fracture of the material to be

related to textile reinforcement architecture.

A multiaxial E-glass textile exhibiting a mass per unit area of 9726 5% g/m2

and a [0,1 45,90,2 45] degrees stacking sequence was used as a reinforcement

in the epoxy resin matrix composite. The layers have relative mass fractions as

indicated in Table 11.1 and are stitched together with a polyester multifilament

binding yarn. The unidirectional fiber bundles in the four planes are held together

by a fine polyester thread in both sides. In the outer layer, where fibers are run-

ning at 0 degree, the polyester (PES) thread is knitted in a zig-zag pattern and in

the other side (outer layer at 245 degrees) is knitted at 0 degree.

Fig. 11.10 illustrates both sides of the Z-pinned multiaxial textile. Epoxy

system chosen was completely transparent when cured allowing visualization of

the textiles architecture. Using one layer of textile and epoxy resin system as a
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matrix, a composite with a fiber volume fraction of about 18% was manufactured

by wet layup process. Laminas were elaborated taking in account the two princi-

pal direction layers that conform the multiaxial textile (0 and 90 degrees).

A Shimadzu universal machine was used to carry out mechanical tests in ten-

sion. The textile direction in question was parallel to the load direction in which

the samples were loaded to progressively higher strain at a cross-head speed of

0.5 mm/min. AE sensors were attached to the sample, as shown in Fig. 11.11A, to

obtain the signal in order to be related to damage development and mechanisms

of fracture.

During tensile loading, in each stress�strain curves, several discontinuities

related to significant cracks developed transversally to the sample were

observed. At a higher strain, discontinuities were more frequent; the higher the

load, the higher amount of cracks are formed. Samples at 90 degrees exhibited

slightly higher crack density (cracks per area). Apparently, textile geometry

(stacking sequence) does not affect significantly the mechanical parameters

values; however, damage development and propagation along samples depend-

ing on the loading direction are influenced by the polyester knit yarn structure

(Fig. 11.12).

The load (N)�time (s)�amplitude curves for samples when the textile is

oriented at 0 degree is presented in Fig. 11.12A. AE signals detected over

280 seconds are intimately related to the first deflection in the curve, which is

also correlated to the appearance of the first significant damage that emits high

energy. This damage is associated to matrix cracking in the composite. At

90-degree direction (Fig. 11.12B), it is possible to observe more small discontinu-

ities related to the AE signals that are identified as matrix cracking. Energy is

augmented rapidly as the more cracking damage occurs. In all the samples tested

in tension (0 and 90 degrees), no fiber breakage was observed or AE detected

until total fracture happened. Samples at 90 degrees exhibited an early damage

development in comparison with 0 degree. Lower damage initiation at 90-degree

samples was apparently due to the major amount of unidirectional glass fibers at

0-degree layer (denser), which is positioned perpendicular to the applied stress

and allows more transversal matrix cracks to be developed along the coupon.

Table 11.1 Technical specification of the textile.

Layer orientation (degrees) Weight (g/m2) Composition

0 354 E-glass
145 200 E-glass
90 207 E-glass
245 200 E-glass
Knit yarn 11 Polyester
Total 9726 5%
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FIGURE 11.10

Z-pinned multiaxial textile architecture/geometry.



Case 3—Mechanical properties of geotextiles: effect of interweave
geometry
In order to properly characterize mechanical parameters such as deformation

patterns in textile materials and to model individual yarn behavior, the size,

shape, and mesolevel deformation locations of the yarns need to be verified as a

function of applied strain. The mechanical properties of geotextiles are mainly

dominated by the nature of fiber used and the weaving parameters; therefore it is

necessary to exhibit the correlation between the applied external deformations,

microscopic flaws, and mesolevel changes with the purpose of describing the

changes in the internal structure of the system subjected to different external

applied stresses. Nowadays, geotextiles are widely used in geotechnical, environ-

mental, hydraulic, and a diverse range of engineering applications [27,28]. Textile

FIGURE 11.11

(A) Sample dimensions and AE sensors locations. (B) Load recording in tension test.
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FIGURE 11.12

(A) Textile oriented at 0 degree. (B) Textile oriented at 90 degrees.



manufacture technology allows obtaining fabrics with different kind of interweav-

ing from simple-to-complex structures; such textile geometry plays a vital role in

the mechanical capabilities.

Through the identification of the initiation sites, the coalescence of cracks is

possible to correlate the damage with the textile geometry and its effect on the

mechanical properties. Such variations are intimately correlated to the textiles

structure. Additionally, fractography is frequently used as a tool to identify gov-

erning mechanisms and link them to the material internal configuration.

Two geotextiles of different geometry were used to manufacture a polymeric

matrix based composite material. First one is made of polyethylene-terephthalate

(PET) fibers constituted by unidirectional yarns (woven-type) biaxially oriented

in longitudinal and transversal directions. Transversal yarns are wider presenting

higher amount of filaments than in longitudinal direction. Second one is a poly-

propylene (PP) based geotextile constituted by a diagonal (longitudinal) and trans-

versal “tape-like” yarns having an oval shape in the intersections. It is noticeable

that PP textile exhibits imperfections in the surface such a microcracks

(Fig. 11.13A). In order to observe the onset and development of damage to iden-

tify the fracture progression, the textiles were placed in an epoxy matrix to manu-

facture a composite material. Geotextiles were mechanically characterized

individually in tension mode in both longitudinal (0 degree) and transversal direc-

tions (90 degrees), in order to compare their mechanical behavior. Composite

materials were tensile tested in a Universal Machine Shimadzu using 5-kN load

cell at 0.1 mm/min in order to observe the crack progression along the sample.

FIGURE 11.13

(A) Geotextiles architecture (PET and PP). (B) Tensile test composite sample.
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AE sensors were attached to the composite samples in order to monitor damage

in “real time” (Fig. 11.13B).

Results of mechanical behavior in tensile test coupled to AE analysis for

epoxy/geotextile composites are shown in Fig. 11.14. Fig. 11.14A shows the

stress�strain behavior of epoxy/PET geotextile composite tested in the longitudi-

nal and transversal directions, respectively. In the longitudinal direction, first EA

signals are sensed at about 1.75% strain with high amount of signals with high

amplitude (50�80 dB) less disperse. Such signals can be correlated to interfacial

damage and matrix crack progression. On the other hand, the stress�strain

curve when epoxy/PET geotextile is tested in the transversal direction, AE signals

were detected significantly sooner compared with the longitudinal sample. The

stress�strain curve for epoxy/PP geotextile composite tested in the longitudinal

and transverse directions are presented in Fig. 11.14B. In longitudinally tested

composites, AE signals showed up at lower strains (0.6%) after linearity but with

higher amplitude. Higher cracking density was found between 0.7% and 1.2%

strain, which may be related to the extensive crack progression generated by the

complex textile geometry. Mechanical tendency observed for epoxy/PP geotextile

composites tested in the transversal direction is somehow similar to longitudinal

samples; however, transversal samples showed higher density of AE signals of

significant amplitude. This effect may be related to the fact that this direction pre-

sented major stress resistance; therefore it requires more load and consequently

the damage generated in the composite can be larger.

Failure sequence for both PET and PP epoxy/geotextile composites are shown

in Fig. 11.15. This evaluation based on the AE technique is supportive to under-

stand and recognize, by identifying the elastic waves’ parameters to be correlated

with failure mode, the maximum and minimum strain locations due to the fact

that these sites indicate the probable damage initiation zones. Some authors

[15,29�31] have qualitatively correlated the mechanical energy released from

fiber/matrix debonding, cracking, and fiber-fracture processes with the measured

AE waves energy and have shown that AE amplitude ranges are related to

specific damage mechanisms. Therefore during experimental mechanical test of

geotextiles-reinforced composites in the tensile mode, the sequence of damage

process can be correlated to the influence of textile interweaving geometry.

Initially, external load is transferred from epoxy matrix to the textile reinforce-

ment; unidirectional yarns parallel to load direction endure the stress allowing its

distribution to concentration sites. AE signals appeared at the early stage of load-

ing exhibiting 30�58 dB amplitude correlated to matrix damage (e.g., matrix

microcracking, coalescence of microcracks, matrix/matrix friction). At low

strains, transversal yarns interfacial debonding generates filament separation and

friction (low energy and amplitude AE signals). Then, microcracks due to fiber/

matrix delamination process are initiated in load axis parallel yarns and arrested

at the interface; these delamination cracks act as a shielding source and delay the

formation of macrocracks. As load increases, events such as matrix plastic defor-

mation and cracking, fiber pullout generates amplitude values observed between
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FIGURE 11.14

(A) Epoxy/PET geotextile composites. (B) Epoxy/PP geotextile composites.



FIGURE 11.15

Failure sequence observed in PET and PP geotextiles-reinforced composites.



59 and 69 dB, which are associated with interfacial fiber/matrix damage progres-

sion. After 70 dB and higher amplitude, AE signals can be possibly connected to

significant matrix cracking damage and fiber/bundle fracture.

11.2 Conclusion

In all the three cases discussed here, it has been demonstrated that architecture/

geometry of the textiles are an essential factor that influences the mechanical

behavior of a composite material and that it is dependent on the loading axis orien-

tation. Damage cracking initiation, development, and progression are governed by

the way in which fiber bundles are interweaved. In case 1, the influence of the knit-

ted fabric architecture in determining the damage development in the composites

was demonstrated in the results. The angle of the fabric to the loading direction

determines whether damage is dominated by the head (or needle) of the loops, or

by the legs of the loops. First, the observed predamage in the knitted fabric layer

was identified for the first time to be damage occurring at the loop crossover points.

Other authors have speculated that damage onset occurs around the head or needle

of loops, but this work has shown the loop crossover points to be the sites of the

first damage. Debonds at the yarn/matrix interface initially develop from these sites

evincing that the critical sites for further development of damage are the fabric

planes where the float stitch of courses 2 and 3 are held together by the rib stitch

(course 1). This is probably because of the strain magnification here.

In case 2, damage cracking development was affected by the polyester thread

(zig-zag and unidirectional). The influence of the textile stitched geometry in

the initiation sites and the damage development of the composite were validated.

Zig-zag polyester knit yarn was observed to govern the transversal crack develop-

ment while unidirectional (0-degree) polyester thread only influenced the damage

by the stitch knots and when it was transversally oriented to the load direction.

In the 90-degree direction, transversal flaws were formed due to fiber/matrix

debondings that coalesce at higher strain to generate the significant cracks. These

visible cracks have a nearly equidistant spacing and are equally distributed in the

145- and 245-degree plies. First AE signals detected during tensile tests were

identified as damage induced in the material at the fiber/matrix interphase and

demonstrated how damage initiation is affected by NCF orientation.

In case 3, mechanical properties were studied in geotextiles made up of PET

and PP, both textiles with different architecture/geometry of waving. AE signals

in epoxy/PP geotextile composite exhibited higher crack density in comparison to

epoxy/PET geotextile composite. This effect indicates that epoxy/PP geotextile

composite generates more damage events during tensile tests, which are inti-

mately related to the complexity of threads architecture/geometry that originates

active concentrations sites that release energy when having internal damage.

AE technique was employed to identify the mechanisms of fracture by corre-

lating the signals of mechanical waves produced my damage with fracture stages.
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As stated by Godin et al. [32], it is not easy to evaluate the AE signals from a

composite material due to its heterogeneity and complexity. However, certain

mechanical events are fully understood. Additionally, the effect of textile

architecture on the composite mechanical properties and damage pattern can be

correlated with its damage initiation and propagation. Through a combination of

experimental work and theoretical studies, the mechanisms controlling the

mechanical behavior can be explained.

11.3 Future trends
By drawing on the wealth of new knowledge in advanced materials, advanced

fiber technology and composite systems are entering a new phase of develop-

ment. In the next 50 years, significant innovation is expected in future develop-

ment of low-cost, high-performance textile-reinforced composite materials to be

applied in automotive, aerospace, wind, and industrial applications. Lightweight

and cost reduction are the two significant trends in various segments of materi-

als science in order to expand the employment of complex textile structures as

reinforcement or even in sole applications, such as in geotechnical engineering.

Advances in the understanding of structure/property relationships of materials

and related processing technologies have made it possible to tailor-make new

material systems, to meet specific engineering needs better than conventional

materials. Consequently, it is sure that upcoming studies will be directed on

novel fiber and matrix systems, fiber architectures, and processing techniques,

as well as improving the existing technologies. The successful implementation

of new textiles geometries requires rigorous analysis, theoretical and experimen-

tal, on fabric capabilities to withstand external events that can deteriorate them.

The use of complex 3D textiles will bring more parameters and processes to be

optimized. For example, fiber�matrix interface interactions are of great signifi-

cance when designing composites. Enhancing adhesion mechanisms in the

fiber�matrix area by functionalizing fiber surface has been matter of profound

investigations and certainly, this tendency will continue in the near future.

Experimental on appropriate chemical coupling agents and interface modifica-

tion techniques will be carried out to favor textiles wettability, which is deter-

mined by the balance of surface energy in the interface and depends on the

chemical nature of the fiber surface and the fiber geometry. Added to this, the

application of new characterization techniques, such as AE, will be optimized as

a necessity to identify damage mechanisms related to the textiles architecture

to estimate its life service. AE technique will be used as self-monitoring system

with the purpose of sensing not only a composite structural environment

but also respond to prevent structural failures. In the future, with the advance

of fiber technology, it will be possible to enable development of tailored

high-performance textiles providing most efficient solutions to engineering

problems.
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12.1 Introduction
Over the past some decades, the industrial textiles in different nature were widely

fabricated in factory as a commercial product thanks to their diverse applications in

automotive engineering, civil engineering, transportation and energy, medical

purposes, etc. [1�8]. The industrial textile has been considered as an alternative

material to contribute in the industry development of the world. The textile in combi-

nation with polymer matrix or cement matrix gives a new material (fiber reinforced

polymer [FRP]or textile reinforced concrete [TRC]) that has better characteristics

(high strength and stiffness, slight, etc.) than other traditional material [4�13].

They were also successfully used in some special cases of loading or environment

such as thermal shock, seismic, contact, corrosion, etc. [4�7,14�16]. However, in

case of fire or at high temperature, changes of textile properties are considered as an

important factor for the application of textiles. So, it needs more experimental studies

on the industrial textile behavior under or after exposure to elevated temperatures.

In the literature, some fire tests have been carried out on specimens with the

presence of textile composite to find its reinforcement capacity in fire [17�20].

Several studies have been conducted on the tensile behavior of industrial textile

or textile composite specimens after exposure to elevated temperatures (called

residual condition). These studies aimed to identify their tensile residual behavior

with elevated temperatures [21�27]. The residual behaviors of basalt textile and

basalt TRC composite specimens after exposure to 1 hour at elevated tempera-

tures from 25�C to 1000�C were presented in [25,26]. The effect of thickness and

reinforcement configuration on flexural and impact behavior of glass textile-

reinforced polymer composite was investigated in [27] after exposure to four

levels of elevated temperatures 60�C, 120�C, 200�C, and 300�C. Some experi-

mental research works have been performed on industrial textile or textile
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composite specimens under simultaneous actions of temperature and mechanical

loadings (called thermomechanical condition) [13,28�30]. These tests aimed to

identify the tensile behavior and thermomechanical properties of studied materials

at different temperatures. Nguyen et al. [13] has performed experimental and ana-

lytical investigation of elevated temperature behavior on carbon textile-reinforced

polymer (FRP) specimens in two thermomechanical conditions: thermomechani-

cal test at constant temperature (TMCT) and thermomechanical test at constant

load (TMCL). Homoro et al. [30] recently studied experimentally and analytically

thermomechanical behavior of alkali-resistant (AR) glass textile and discontinu-

ous short AR glass fibers-reinforced concrete (TRC) at temperatures ranging from

25�C to 600�C. Few research was performed on carbon textile reinforced mortar

(TRM) in comparison with fiber reinforced polymer (FRP) as strengthening mate-

rials of structure specimen at elevated temperatures to characterize the shear,

bond, and flexure behavior [31�33]. As the results obtained in the literature, a

notice could be concluded that the elevated temperature behavior of industrial

textile and its composite material depended on several factors such as fiber

nature, matrix nature, and reinforcement ratio in composite material, the fiber

treatment by different products. Among these factors, the product of textile treat-

ment greatly influenced to the failure mode of industrial textile and its composite

material specimens at different temperatures.

As regards to the failure mode of industrial textile, in the literature, there

were some studies conducted to the failure mode of industrial textile under

action of mechanical load and elevated temperatures [12,13,25,26]. Zhai et al.

[12] have performed an experimental investigation on longitudinal tensile

specimens of glass textile treated with polypropylene resin at room and different

temperatures. The results showed that the temperature effect on polypropylene

resin treatment influenced to the failure mode of specimens. As regards to the

failure mode of the specimens tested at 23�C, 50�C, and 70�C, Zhai et al. [12]
displayed the brittle failure mode with the pull-out of the monofilaments. At

90�C, the longitudinal splitting of the filament groups is caused by the weakness

of interface between fibers and resin treatment product. In this research, the

optical microscopy image method was used to observe the failure mode of glass

textile specimens at micro scale. As results of the optical microscopy image

method in [12], it showed the extensive debonding in fiber groups along the

longitudinal direction of specimens.

In their study, Rambo et al. [21,25,26] have been conducted the studies on the

elevated temperature behavior of basalt textile and basalt TRC composite speci-

mens. As results obtained, basalt textile specimens after exposure to elevated tem-

peratures provided a linear behavior with a fragile rupture mode. This failure

mode was characterized by the drop in stress of “stress�strain” curves of basalt

textile specimens. As regards to the effect of textile treatment, it can be seen that

a coating of styrene-acrylic latex had a positive effect to improve the mechanical

properties (tensile strength and Young’s modulus) of specimens in the tempera-

tures ranging from 75�C to 150�C. After cooling, the textile preimpregnation by
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coated polymer improved the uniform stress distribution between the filaments in

textile yarns. In basalt TRC composite specimen, the heating�cooling regime of

residual test at temperature from 75�C to 150�C positively affected to this resin

treatment of basalt textile to improve the composite performances (tensile strength

and Young’s modulus). As regards to the failure mode of basalt textile, scanning

electron microscopy method was used to observe the damage processes in the

basalt textile after exposure to different temperatures. As results, the basalt textile

provided a fragile rupture mode which was caused by the minor crack-bridging

action of the filaments or the melting of filaments at elevated temperatures.

In the recent study of Nguyen et al. [13], carbon textile was manually treated

with two-component epoxy resin as a matrix in laboratory condition. It provided

a brittle failure mode under simultaneous thermal and mechanical loadings at

different temperature levels. This failure mode was also outlined by a drop in

stress of “stress�strain” curves at different temperatures. By observing the carbon

textile specimens after thermomechanical tests, it could be divided this failure

mode by four types of specimen failure. The first failure type was remarked by

the damage of both carbon textile and coated epoxy for specimens at room

temperature, whereas at 200�C, the coated resin melting was caused to the

debonding of the filament groups (the second failure type). The complete melting

and a partial decomposition of the coated resin at 400�C lead the filament

breakage at different section (the third failure type), whereas the complete

burning of coated resin and the oxidation of a part carbon fiber at 600�C were

notable (the fourth failure type).

To the best of the authors’ knowledge, no results are available concerning the

thermomechanical test carried out on the specimens of continuous carbon textile,

which has been industrially treated in factory by different products in nature.

There are also no results regarding effect of textile treatment on the thermome-

chanical behavior and failure mode of carbon textile at elevated temperature. The

aim of this work is to contribute in answering the question: What is effect of tex-

tile treatment on the thermomechanical behavior and failure mode of industrial

carbon textile? This work also provides the scientific community with experimen-

tal data concerning the thermomechanical behavior of industrial carbon textiles.

This chapter presents an experimental study on the tensile behavior of three

different industrial carbon textiles subjected to simultaneous mechanical and

elevated temperature loadings. Three continuous carbon textiles, which were

industrially treated with different products in nature and as commercial products,

were tested at different temperature levels varying from 25�C to 600�C. The

results on three carbon textiles were compared to find the effect of fiber treatment

on the thermomechanical behavior and failure mode of carbon textile. In the

following sections of this chapter, experimental work including the use of

equipment, test specimens, and loading paths are presented in Section 12.2. The

experimental results are presented in Section 12.3, and then analyzed and

discussed in Section 12.4. This chapter ends with a presentation of main

conclusions and future works.
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12.2 Experimental work
This section presents the equipment used and loading paths for characterization of

residual and thermomechanical behavior of carbon textile.

12.2.1 Equipment used

The test machine, furnace, and laser sensor were used in this research in order to

generate the simultaneous actions of elevated temperature and mechanical loading

to specimen, and to measure the thermomechanical strain of carbon textile

specimen.

12.2.1.1 Test machine
The test machine used in this research, TM20kN-1200�C, can generate a maximal

force up to 20 kN for the direct traction test. The traction loading is controlled by

the vertical displacement of traverse thanks to a control program (test expert II

software) in the computer of the control system for the test setup. The increasing

rate of the force depends on the type of material (ultimate strength and stiffness).

During the test, the data including mechanical load and traverse movement of the

test machine are recorded at least twice per second and can then be exported in

the form of datasheets for results analysis. Fig. 12.1 shows the universal tensile

machine with other equipment for thermomechanical test.

FIGURE 12.1

Universal traction machine TM20kN-1200�C. (A) Overview of the test setup and (B)

control system for test setup.
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12.2.1.2 Furnace
The test machine is equipped with a small cylindrical furnace with three dimen-

sions like that: height of 40 cm, an internal diameter of 10 cm, and an external

diameter of 27.5 cm. This furnace can generate, in the same time with mechanical

loading during the test, temperature loadings of specimens potentially up to

1200�C with the maximum heating rate of 30�C/min. The temperatures in the fur-

nace are determined by integrated thermocouples and also controlled by the test

program. With the equipment of furnace, the test machine can make it possible to

apply simultaneous tensile mechanical and elevated temperature loadings on a

sample. Fig. 12.2 shows the detail of the furnace installed on the test machine.

12.2.1.3 Laser sensor
In this research, the noncontact measurement method of laser sensor was used to

measure the thermomechanical strain of test specimens. The measurement princi-

ple of this method is explained by the description of the laser sensor system. The

measuring system consists of two charge coupled device cameras with one light-

ing unit for each one and a linear motor for continuous adjustment of the spacing

between both cameras. The cameras are vertically arranged and in parallel view

with the specimen in the horizontal direction. By using the motorized camera set-

ting, it can be set different reference lengths for measuring axial strain of speci-

men. The illumination is produced by a laser diode with a diverging lens

upstream. The lens sweeps the light beam and thus creates on the test surface a

lighting mark extended in the vertical direction whose dimensions roughly corre-

spond to the visual field of the camera. The camera image is digitally recorded by

FIGURE 12.2

Detail of the furnace for thermomechanical test.
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the control computer. The image processing software exploits the movements of

the images and derives values of axial strain of specimen (see Fig. 12.3).

The existence of a small furnace to generate the temperature action around the

test specimen is one of the difficulties for a method of measuring contact.

Moreover, the thinness of the test specimen of carbon textile can create difficulty

in the specimen axial strain measurement with contact measurement methods.

In particular, the elevated temperature in the furnace greatly influences the results

of other strain measurement instruments in the contact measurement method.

With the noncontact measurement method by the laser sensor, it provides a

relative displacement between two laser bobbins on the carbon textile specimen

(Fig. 12.3). The axial strain of the carbon textile specimen is calculated as the

ratio of the relative displacement of two laser bobbins and their initial distance.

When the tested material is homogeneous, as carbon textile, the measurement of

the laser sensor can provide the axial strain for the part of the specimen placed in

the furnace during the thermomechanical test. This method of measurement has

been used, developed, and validated in previous works and has given good results

for different composite materials [13,28�30].

12.2.2 Specimens

The materials used in this research are three continuous carbon textiles which are

called GC1, GC2, and GC3 textile. They were manufactured in a factory as indus-

trial products for multi applications. They have good thermal and mechanical

characteristics: very high tensile strength and modulus, noncorrosion, low mass per

unit area, simple and flexible application, etc. Three carbon textiles were coated

with different treatment products in nature. The GC1 and GC3 textiles were

FIGURE 12.3

Laser sensor details for the measurement of specimen axial strain.
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preimpregnated by epoxy resin with two different preimpregnation ratios, completely

preimpregnated for the GC1 textile and a very low level for GC3 textile, whereas

the GC2 textile was treated with a product of amorphous silica as a coating. They

were also manufactured in grid form with different grid geometries (see Fig. 12.4).

The properties of the three studied carbon textiles are summarized in Table 12.1.

The test specimens in this experimental study were prepared by hand in the

laboratory. First, a longitudinal yarn (the warp) of the textile was cut to obtain

carbon textile samples of 750 mm in length. After that, two ends of the specimens

were bonded with aluminium plates for good transmission of the mechanical force

to the textile specimens. Finally, the specimens were embraced at room tempera-

ture for 7 days, then referenced and ready for the tests at different temperatures

(see Fig. 12.5). There were 42 tests carried out on the specimens of three carbon

textiles at different temperature levels varying from 25�C to 600�C. Table 12.2

shows the list of the specimens and the tests carried out in this research.

12.2.3 Loading paths

The textile specimen was tested in the thermomechanical condition at constant

temperature (TMCT) to identify the thermomechanical behavior of three carbon

textiles. The TMCT loading path consists of three phases as described in previous

FIGURE 12.4

Images of three carbon textiles (GC1, GC2, GC3) used in the experimental study. (A) GC1

carbon textile; (B) GC2 carbon textile; and (C) GC3 carbon textile.

Table 12.1 Properties of three studied carbon textiles.

Properties GC1 GC2 GC3

Density (g/cm3) 3.43 1.79 1.89
Grid geometry (longitudinal3 transverse
spacing) (mm3mm)

463 41 173 17 333 33

Type of coating Epoxy
resin

Amorphous
silica

Epoxy
resin

Cross-sectional area of one individual strand 1.85 mm2 1.795 mm2 1.80 mm2
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works [13,28�30,34]. The first test phase consists of increasing the temperature

around sample to the desired temperature level. The rate of temperature increase

varies from 6�C/min to 20�C/min depending on the target temperature (from

200�C to 600�C) of the test. The second test phase consists of maintaining the

target temperature (Ttarget) for a period of 1 hour in order to homogenize the

temperature around specimen. The third test phase consists of applying the quasi-

static tensile load monotonically to specimen until failure; the laser sensor is

activated during this phase to measure the axial strain of sample (see Fig. 12.6).

The stress of specimen corresponding to the failure point is quantified as the

ultimate stress (σUTS). The axial strain of specimen corresponding to failure point

is quantified as the maximum axial thermomechanical deformation (εTM,UTS).

Fig. 12.6 shows the thermomechanical test procedure on the test specimens of

carbon textiles with three phases. After the test, all data, including temperatures,

mechanical load, and specimen axial thermomechanical strain or traverse move-

ment, are recorded at least twice per second and can then be exported in the form

of datasheets for results analysis.

FIGURE 12.5

Preparation of samples. (A) Embracing for specimens and (B) carbon textile samples

ready for test.

Table 12.2 List of tests conducted on the specimens of three carbon
textiles.

Designation
of the
specimen

Dimensions of the
specimen (cross section,
S [mm2] length, l [mm])

Temperature
(�C)

Exposure
duration

Number
of tests

GC1-T-a,b,c S5 1.85 (mm2);
l5 425 (mm)

T5 25, 200,
400, 500, 600

1 h 14

GC2-T-a,b,c S5 1.795 (mm2);
l5 420 (mm)

T5 25, 200,
400, 500, 600

1 h 14

GC3-T-a,b,c S5 1.80 (mm2);
l5 425 (mm)

T5 25, 200,
400, 500, 600

1 h 14

Total of tests 42

336 CHAPTER 12 Treatment effect on failure mode of industrial carbon



12.3 Results
This section presents the results of thermomechanical tensile tests performed on

carbon textile specimen in comparison with other results of previous works in the

literature.

12.3.1 Elevated temperature behavior of industrial textiles

Fig. 12.7A�C shows the “stress�thermomechanical strain” curves of three car-

bon textile samples (GC1: Fig. 12.7A; GC2: Fig. 12.7B; GC3: Fig. 12.7C) at dif-

ferent temperatures ranging from 25�C to 600�C.
Fig. 12.7A�C show only one average “stress�strain” curve for each test tem-

perature so that the curves can be legible for all temperature levels varying from

20�C to 500�C for each carbon textile. From Fig. 12.7, it could be seen that all

carbon textile samples exposed to 1 hour at elevated temperatures gave an almost

linear behavior up to the test specimen failure. The “stress�thermomechanical

strain” curves of both GC2 (Fig. 12.7B) and GC3 (Fig. 12.7C) carbon textiles

were similar at each temperature level, while the initial slope (stiffness) of the

stress�strain curve of the GC1 carbon textile was higher about two times than

that of GC2 and GC3 in the same temperature level.

The ultimate strength of three carbon textiles at 25�C is 2616, 1311, and

1443 MPa (on average), respectively for GC1, GC2, and GC3 carbon textile.

With increasing of temperature, these values decrease progressively into a

negligible value at 600�C. The GC1 carbon textile gave an ultimate strength of

205 MPa (on average) corresponding to a 92.8% reduction of this value at

ambient temperature, whereas two other textile specimens (GC2 and GC3 textiles)

FIGURE 12.6

Loading path of thermomechanical tests carried out on specimens of three carbon textiles.
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have been broken before the thirst phase of test. That’s why there were not

available results for thermomechanical tests of GC2 and GC3 carbon textiles.

Table 12.3 presents the other average ultimate strength values of thermomechani-

cal tests on the specimens of three carbon textiles at different temperature levels

varying from 25�C to 600�C. In Table 12.3, it could be also found the standard

deviation values of the mechanical properties of three carbon textiles at different

temperatures.

As regard to the Young’s modulus of three carbon textiles, it can be seen in

Fig. 12.7 that the temperature action also influenced on the initial slope of the

“stress�thermomechanical strain” curves of three carbon textiles. So, the stiffness

of three carbon textiles decreases progressively when the temperature increases.

Young’s modulus of three carbon textiles was determined by two points corre-

sponding to the deformation of 0.05% and 0.25% of “stress�thermomechanical

strain” curve. At room temperature, Young’s modulus of three carbon textiles was

256, 144, and 130 GPa (on average), respectively, for GC1, GC2, and GC3

carbon textiles. At the temperature of 600�C, the thermomechanical test gave a

very low Young’s modulus value of 29 GPa (on average) for GC1 carbon textile,

and nonvalue for two others. Table 12.3 shows all average values of thermome-

chanical test concerning the Young’s modulus of three carbon textiles.

FIGURE 12.7

Thermomechanical behavior of three carbon textile: stress�thermomechanical strain

relationship at different temperatures. (A) GC1; (B) GC2; and (C) GC3.
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Table 12.3 Results of the direct tensile tests performed on three carbon textile specimens (the standard deviation values
are written in parallel).

Temperature
(�C)

Heating rate
(�C/min)

GC1 textile GC2 textile GC2 textile

Ultimate
stress (MPa)

Young’s
modulus
(GPa)

Ultimate
stress (MPa)

Young’s
modulus
(GPa)

Ultimate
stress (MPa)

Young’s
modulus
(GPa)

25 0 2616.6 256.2 1311.5 143.8 1442.7 130.2
(124.9) (39.7) (158.3) (7.2) (242.2) (7.1)

200 6.67 2169.5 201.6 1152.5 138.6 1168.1 117.4
(175.5) (29.0) (204.9) (14.0) (103.0) (25.4)

400 13.33 1652.2 138.8 708.8 107.1 845.9 95.9
(40.5) (23.4) (71.8) (18.6) (89.1) (21.6)

500 16.67 795.7 77.6 308.1 39.7 185.7 38.4
(145.4) (4.5) (67.8) (9.5) (18.6) (6.4)

600 200 204.9 29.5 � � � �



12.3.2 Evolution of the thermomechanical properties as a function
of temperature

As results presented in Section 12.3.1, the mechanical properties of three

carbon textile varied as a function of elevated temperatures. So, it could be

defined the normalized mechanical properties (normalized ultimate stress and

Young’s modulus) for mechanical property evolution depending on the temper-

ature. This value is determined by the ratio between the mechanical property

at a temperature (T) and that at room temperature (σT/σ25 or ET/E25). The

normalized mechanical properties of three carbon textiles are presented in

Table 12.4. From Table 12.4, it can be seen that three carbon textiles gave

the similar reductions of the normalized ultimate stress values when the

temperature increases from 25�C to 400�C. The normalized ultimate stresses

were 82.9%, 87.9% or 81.0%, respectively for three carbon textiles at 200�C,
and were 63.1%, 54.0%, and 58.6% respectively for three carbon textiles

at 400�C. At the temperatures above 400�C, the GC1 textile remained more

mechanical capacities than the other two textiles (GC2 and GC3). This carbon

textile sustained 32.5% and 7.8% of its ultimate stress value at room tempera-

ture, respectively for 500�C and 600�C, whereas the other two textiles had an

ultimate stress less than 22% and 0% compared with the ambient temperature

value, respectively for 500�C and 600�C. Fig. 12.8 shows the evolution of

the normalized ultimate stress of three carbon textiles as a function of

temperature.

From Fig. 12.8, the ultimate stress evolution of the GC1 and GC3 carbon tex-

tiles can be divided into two zones. At temperatures ranging from 25�C to 400�C,
the ultimate stress slightly decreased as a function of temperature, about 20% at

200�C and 40% at 400�C. At temperatures ranging from 400�C to 600�C, an
important reduction of ultimate stress could be found. The complete decomposi-

tion of preimpregnated products by epoxy resin in carbon textiles caused this con-

siderable reduction. Fig. 12.9 presents the evolution of the normalized Young’s

modulus of three carbon textiles as a function of temperature. From Fig. 12.9, it

Table 12.4 Evolution of the normalized mechanical properties of three
carbon textiles as a function of temperature.

T�C

Normalized ultimate stress
σT/σ25 (%)

Normalized Young’s modulus
ET/E25 (%)

GC1 GC2 GC3 GC1 GC2 GC3

25 100 100 100 100 100 100
200 82.9 87.9 81.0 78.7 96.4 90.1
400 63.1 54.0 58.6 54.2 74.4 73.6
500 30.4 21.1 12.9 30.3 23.8 29.5
600 7.8 0 0 11.5 0 0
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can be seen that GC2 and GC3 carbon textiles had almost the same Young’s mod-

ulus evolution as a function of elevated temperatures. The normalized Young’s

modulus values were 96.4% and 90.1% at 200�C, 74.4% and 73.6% at 400�C,
23.8% and 29.5% at 500�C, respectively for GC2 and GC3 carbon textiles. From

Fig. 12.9, it can be seen that the influence of temperature on Young’s modulus of

the GC2 and GC3 carbon textiles could be divided into two temperature intervals.

The first interval, from 25�C to 400�C, was described by a slight reduction of

Young’s modulus (about 25% at 400�C). In the second interval, from 400�C to

600�C, Young’s modulus greatly decreased and was almost negligible at 600�C.
Whereas Young’s modulus of GC1 carbon textile progressively decreased and

retained 78.7%, 54.2%, 30.3%, and 11.5% of its value at room temperature,

respectively, for 200�C, 400�C, 500�C, and 600�C.

FIGURE 12.8

Evolution of normalized ultimate stress obtained for the studied carbon textiles.

FIGURE 12.9

Evolution of normalized Young’s modulus obtained for the studied carbon textiles.
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12.3.3 Discussion

This section presents discussions to explain the effect of carbon fiber treatment

products on the results obtained (ultimate strength and Young’s modulus, thermo-

mechanical property evolution depending on temperature, and failure modes of

textile specimens), which are presented in Section 12.3.

12.3.3.1 Effect of textile treatment on the elevated temperature behavior
of carbon textiles

As result presented in Section 12.3.1, it could be found the influence of treatment

by different products on the behavior of three carbon textiles at elevated tempera-

tures. Three studied carbon textiles gave the different values of ultimate stress

and Young’s modulus in the same temperature level even if they have almost

equivalent cross-sections for a textile yarn.

The GC1 carbon textile has an important mechanical capacity and is better

than two other carbon textiles (GC2, GC3) thanks to its very good preimpregna-

tion with an epoxy resin product (see Fig. 12.10A). This treatment par epoxy resin

gave a good load transmission between the monofilaments of textile yarn which

has assured the working in common between the monofilaments. The ultimate

stress of the GC1 textile was higher about two times than this value of the other

two textiles at different temperatures (see Fig. 12.10A). At the temperature above

400�C, although epoxy resin treatment has begun to be partially decomposed and

burned, but it still assured the load transmission between the monofilaments of

GC1 textile yarn. As regards to the treatment of two other textiles, the amorphous

silica for GC2 carbon textile and the epoxy resin with very low content for GC3

had the similar effect on loading capacity of textile. This little bonding between

the monofilaments within GC2 (or GC3) caused less carrying load of a textile

yarn of GC2 (or GC3) than that of the GC1 carbon textile. As results of Young’s

modulus at elevated temperatures, it could be also found the effect of the preim-

pregnated product on stiffness of three carbon textiles. The perfect

FIGURE 12.10

Evolution of mechanical properties of three carbon textiles with elevated temperatures. (A)

Ultimate strength and (B) Young’s modulus.
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preimpregnation of an epoxy resin product for GC1 carbon textile has leaded a

good relationship between the monofilaments of textile yarn. So, they have

worked together in the longitudinal direction to support the tensile loading. This

lead a higher stiffness value of GC1 compared to those of two others textiles

(GC2 and GC3). The coating treatment of the GC2 and GC3 textiles also gave

the same effect on stiffness capacity at different temperatures. As experimental

results, the Young’s modulus of two carbon textiles (GC2 and GC3) was approxi-

mately similar while this value of GC1 carbon textile was greater about 1.5 times

than that of two other carbon textiles (see Fig. 12.10B).

Concerning the mechanical property evolution as a function of temperature, the

experimental results showed that the thermomechanical properties of three carbon

textiles differently decrease for each studied carbon textile when the temperature

increases. The evolution of the ultimate stress and/or Young’s modulus depended on

the treatment product and the preimpregnation ratio of the carbon textiles. As

regards to the reduction of the ultimate stress, the carbon textiles treated with the

resin product (GC1 and GC3) gave a typical evolution depending on the tempera-

ture. There are two intervals of this evolution: a slight reduction (approximately

40%) in the temperature ranging from 25�C to 400�C and a significant decrease at

temperatures from 400�C to 600�C. In the first interval, the normalized ultimate

stress of two carbon textiles (GC1 and GC3) was approximately similar as presented

in Section 12.3.1. It means that significant contribution of the impregnated resin has

still ensured good charge transmission between monofilaments when this treatment

product has not yet started to decompose or burn at the temperature from 25�C to

400�C. In the second interval, the textile perfectly preimpregnated in the epoxy resin

(GC1 textile) could remain very well its ultimate stress compared with the value at

room temperature while the other one (GC3 textile) had very low value of normal-

ized ultimate stress. It means that the impregnated ratio significantly influenced on

the evolution of the ultimate stress at the temperature above 400�C. As regards to

the ultimate stress evolution of the GC2 carbon textile, the treatment by an amor-

phous silica product has led a curved progressive decrease with the increasing of the

temperature. The elevated temperatures have not significantly influenced on this

treatment product for a physical or chemical transformation in GC2 carbon textile.

This treatment product aims to improve the bond between the carbon textile and the

matrix in composite material.

Concerning the Young’s modulus evolution of three carbon textiles as a func-

tion of the temperature, it could be found that this evolution of the GC2 and GC3

textile was similar with two intervals: the first interval of a slight reduction

(approximately 25%) in the temperatures ranging from 25�C to 400�C and the

second from a very significant decrease to a negligible value at 600�C. It means

that the treatment products by amorphous silica for GC2 textile and epoxy resin

with very low ratio for GC3 textile had the similar contribution to their stiffness

at elevated temperatures. At moderate temperatures from 25�C to 400�C, there
was some contribution of the impregnated epoxy resin to GC3 carbon textile stiff-

ness. So, it has made a small difference between the normalized Young’s modulus
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values of two textiles (76.4% for GC2 and 73.6% for GC3). At the temperatures

above 400�C, there was complete decomposition of the impregnated epoxy resin,

which caused no more contribution of this treatment product to GC3 carbon tex-

tile stiffness like that of amorphous silica product in GC2 carbon textile. As

regards to the stiffness of GC1 carbon textile, the impregnated resin contribution

in a textile yarn caused a progressive reduction of Young’s modulus as shown in

Fig. 12.10B. The effect of temperature on the resin matrix significantly influenced

Young’s modulus of the GC1 carbon textile. At a moderate temperature (from

25�C to 400�C), the impregnated resin was gradually softened, which caused a

lesser contribution to carbon textile stiffness. At the temperatures above 400�C,
the GC1 carbon textile was gradually decomposed and burned until its complete

decomposition, which largely influenced the working in common between carbon

monofilaments.

12.3.3.2 Failure modes
The failure modes of carbon textile are presented by observing the specimens

after the tests at different temperatures in this section. The results revealed two

main failure modes for the three carbon textiles: a brittle failure mode marked by

a drop in stress on the “stress2 thermomechanical strain” curve, and a progres-

sive failure featured by a stress progressively decreases as a function of the defor-

mation on the “stress2 thermomechanical strain” curve. This argument is

consistent with the results available in the literature [35].

At room temperature, the failure mode of three carbon textiles was similar

like that of carbon fiber. The specimens were broken in an abrupt way which is

called fragile rupture mode when the material reached a limited state. Thanks to

the textile treatment by an epoxy resin product, there was a good load transmis-

sion between the monofilaments of GC1 and GC3 carbon textile yarn (in particu-

lar GC1 textile). So, the test specimens were completely broken by the

monofilaments damage in the same time on the weakest section of textile yarn. It

means that the rupture energy was suddenly liberated by the breakage of all

monofilaments in a textile yarn. Fig. 12.11 shows the failure modes of GC1 car-

bon textile (Fig. 12.11A) and of GC2 (Fig. 12.11B) under tensile loading at room

temperature. It can be seen in Fig. 12.11A that GC1 textile specimens have lost a

part of its corps in the destroyed section which supported a great reaction force

after the specimen failure. This apparition of the reaction force could be explained

by the cause from the treatment effect of GC1 carbon textile. With the perfect

preimpregnation in an epoxy resin product, GC1 carbon textile has provided very

good mechanical properties (ultimate stress, Young’s modulus). So, the deform-

able elastic energy of GC1 carbon textile specimen was greatly accumulated

inside its corps when the specimen was deformed under tensile loading. The

deformable elastic energy at limited state before being broken was called rupture

energy of specimen. The liberation of the rupture energy in abrupt way caused to

the great reaction force in GC1 textile specimen.
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Concerning the failure mode of GC2 carbon textile specimen under tensile

loading at room temperature, it was also characterized by a drop in the stress on

the “stress2 strain” curve. However, this failure mode of textile yarn was differ-

ent with two others textiles. This difference obtained was from the treatment of

GC2 carbon textile. The monofilaments of GC2 textile were treated by an amor-

phous silica product which has a low contribution to link between the monofila-

ments for joint working themselves. The samples thus badly retained their initial

form. The damage appeared in a GC2 textile yarn from each small monofilaments

group that had less charge capacity than the others. It means that the liberation of

rupture energy was progressively realized in these monofilaments groups. That’s

why it can be seen the small drop in stress on the “stress2 strain” curve of GC2

carbon textile. From Fig. 12.11B, it could be observed the separated filament

groups which has broken and separated in the GC2 carbon textile specimen.

At temperature ranging from 200�C to 400�C, the temperature action has

influenced on the failure mode of three carbon textile specimens observed after

thermomechanical tests. GC1 carbon textile was preimpregnated in an epoxy resin

product which has been softened and decomposed partially (in particular at

400�C), so it can be seen the separated filament groups with treated epoxy resin

in the damage sections (see Fig. 12.12A�D). At 400�C, the number of separated

FIGURE 12.11

Failure modes of the test specimens of GC1 and GC2 carbon textiles under tensile loading

at room temperature. (A) Failure mode of GC1 carbon textile under tensile loading at room

temperature and (B) failure mode of GC2 carbon textile under tensile loading at room

temperature.
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filament groups in damage section of GC1 specimen has increased in comparison

with that at 200�C (see Fig. 12.12). It could be explained this result that the soft-

ening and melting of treated epoxy resin led the reduction of this product contri-

bution for joint working of the monofilaments in textile yarn. Fig. 12.12A�D

shows the failure mode of GC1 carbon textile in the range of temperature from

200�C to 400�C.
As regards to the failure mode of GC2 carbon textile in temperature from

200�C to 400�C, it could be observed that test specimens have progressively dam-

aged on each small group of monofilaments that had less charge capacity than the

others. It was similar like that at room temperature because the coating with

amorphous silica was not greatly influenced by the action of the elevated tem-

peratures. From Fig. 12.13A�C, it could be seen that the monofilaments were

separated in the damage section of GC2 textile specimens at 400�C, and there

was no-connection between themselves.

Fig. 12.14A�C shows the failure mode of GC3 textile specimens at tempera-

tures from 200�C to 400�C. With a treatment by an epoxy resin product, GC3 car-

bon textile gave a failure mode similar like that of GC1 textile. At 200�C, the
filament breakage appeared on separated filament groups with epoxy resin in the

damage section of GC3 specimens. However, with low content of treatment, there

was not any more epoxy resin treatment in the damage section of GC3 textile spe-

cimens at 400�C. The monofilaments of GC3 textile yarn were separated like as

the failure mode of GC2 carbon textile specimen at 400�C. The contribution of

FIGURE 12.12

Failure mode of test specimens of GC1 carbon textile at temperature from 200�C to

400�C. (A) GC1: failure mode 200�C�400�C; (B) GC1: zoom of the damage section A; (C)

GC1: zoom of the damage section B; and (D) GC1: zoom of the damage section C.
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FIGURE 12.13

Failure mode of the test specimens of GC2 carbon textile at temperature from 200�C to

400�C. (A) GC2: failure mode at temperature from 200�C to 400�C; (B) GC2: zoom of the

damage section A; and (C) GC2: zoom of the damage section B.

FIGURE 12.14

Failure mode of the test specimens of GC3 carbon textile at temperature from 200�C to

400�C. (A) GC3: failure mode at temperature from 200�C to 400�C; (B) zoom of the

damage section A; and (C) zoom of the damage section B.
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epoxy resin treatment in GC3 textile yarn was similar with that of amorphous

silica product in GC2 textile yarn. It could be said that the failure mode of GC3

textile was between that of GC1 and GC2 carbon textiles.

Failure modes of three carbon textiles at temperature above 400�C are shown

in Fig. 12.15A�C for GC1, Fig. 12.16A�C for GC2 and Fig. 12.17A�C for

GC3. At the temperature above 400�C, three carbon textiles gave the same failure

mode which was characterized by the progressive rupture of test specimens. For

the carbon textiles treated with an epoxy resin product [GC1, Fig. 12.15A�C],

and GC3 [Fig. 12.17A�C], the complete decomposition of preimpregnated resin

caused to the separation of the monofilaments of textile yarn. There was

no-connection between them for a coworking. So, the rupture energy was progres-

sively liberated by the breakage of each monofilament in a textile yarn. The

deformation of the sample increased whereas the stress decreased progressively

after reaching the maximum stress value. From Figs. 12.15 and 12.17, it could be

observed the fiber breakage on the damage section of carbon textile specimens

after the thermomechanical tests. For the carbon textile treated with an amorphous

silica product [GC2, Fig. 12.16A�C], it could be explained the failure mode of

GC2 in the same way as that of GC1 and GC3 at 400�C. At 500�C and 600�C,
GC2 carbon textile was partially oxidized and the test specimens are grounded by

the fiber stretching. The progressive failure of each monofilament in the textile is

caused mainly by this failure mode.

FIGURE 12.15

Failure mode of the test specimens of GC1 carbon textile at temperature above 400�C. (A)
GC1: failure mode at temperature above 400�C; (B) GC1: zoom of the damage section A;

and (C) GC1: zoom of the damage section B.
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FIGURE 12.16

Failure mode of the test specimens of GC2 carbon textile at temperature above 400�C. (A)
GC2: failure mode at temperature above 400�C; (B) GC2: zoom of the damage section C;

and (C) GC2: zoom of the damage section D.

FIGURE 12.17

Failure mode of the test specimens of GC3 carbon textile at temperature above 400�C. (A)
GC3: failure mode at temperature above 400�C; (B) GC3: zoom of the damage section E;

and (C) GC3: zoom of the damage section F.
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12.4 Conclusions
This book chapter presents the experimental works for the characterization of the

thermomechanical behavior of carbon textiles subjected to mechanical and ther-

mal loads. The objective of this work is to characterize the effect of textile treat-

ment on thermomechanical behavior and failure mode of three carbon textiles by

comparing the results obtained from tests carried out on carbon textile specimens.

Three carbon textiles (GC1, GC2, and GC3) have been tested under thermome-

chanical loading at five temperature levels (25�C, 200�C, 400�C, 500�C, and

600�C). All thermomechanical properties obtained such as ultimate stress,

Young’s modulus, and thermomechanical axial strain were identified and pre-

sented. As results obtained, some conclusions could be drawn for this work:

1. The textile treatment by different products in nature influenced on the

thermomechanical behavior of carbon textile. Thanks to the complete

preimpregnation by the epoxy resin, the GC1 carbon textile possessed better

ultimate stress and Young’s modulus in comparison with those of the other

textiles: the ratios between mechanical properties of GC1 textile and those of

two other textiles were approximately 2 times for ultimate stress and 1.5 times

for Young’s modulus.

2. The treated product also influenced on the evolution of the textile mechanical

properties as a function of temperature. The treatment with an amorphous

silica product for GC2 textile and with very low content of epoxy resin for

GC3, gave a reduction of Young’s modulus with two intervals: the first one

with a slight reduction (approximately 20%) for the temperature levels

varying from 25�C to 400�C, and the second with a very significant decrease

for the temperature levels above 400�C, whereas the GC1 and GC3 carbon

textiles (treated with an epoxy resin product) exhibited the similar reduction

of ultimate stress with the increasing temperature.

3. The textile treatment also gave different failure modes of carbon textile

specimens. A fragile failure mode was observed on carbon textile specimens

which were treated with an epoxy resin product at moderate temperature

(GC1 and GC3), whereas the carbon textile GC2 (treated with an amorphous

silica product) exhibited a progressive failure of the specimens.

12.5 Future trends
Recently, for an application in the electronic industries, the carbon�based con-

ductive threads have been proposed to be used as an alternative conductive thread

having a flexibility and reliability because the carbon filament has naturally very

low electro-resistance. With a treatment of the polymer product, the conductive

polymer-coated threads could increase its electro-resistance because of an action

of the elevated temperature [36,37] and also have the failure modes as shown in
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this work. Based on the results of experimental analysis concerning the failure

modes of industrial carbon textiles at elevated temperature, many solutions could

be suggested in order to avoid failure for these textiles. It’s possible to combine

the carbon textile with a type of matrix which has good thermal capacity to give

a composite material with better thermal property, or use a thermal isolation layer

to thermally protect the carbon filaments and polymer treatment.
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ABAQUS, 294

Accelerated laboratory test, 89

Accelerated life testing (ALT), 226�229

design for supercapacitors, 247�248

design of experiments, 247

test setup, 247�248

supercapacitors performance parameters and

failure criteria, 248�252

physics of failure models, 253�258

Accelerated temperature cycling (ATC), 4, 108

reliability data, 139t

Accelerated temperature cycling profile effect,

119�121, 131

Accelerated thermal cycling. See Accelerated

temperature cycling (ATC)

Acceleration

vibration reliability tests, 9

voltage effects, 30�31

Acceleration factor (AF), 228�229, 256�258

Acoustic emission (AE) technique, 303�304,

307�309

damage source location, 309f

Acoustic signals, 308

parameters, 308f

Activation energy, 256�258

Active soldering fluxes, 176

AE technique. See Acoustic emission (AE)

technique

AF. See Acceleration factor (AF)

Ag-PDMS. See Silver nanoparticles in

combination with PDMS rubber (Ag-

PDMS)

Aging electrical systems, 260�263

Air-jet spun yarns, 277, 280f

Airborne particulate contaminants, 96

Airborne salinity, 88

Alkali-resistant (AR) glass textile, 329�330

ALT. See Accelerated life testing (ALT)

Aluminum electrolytic capacitors failure, 241

American Standard Testing Machine D412

(ASTM D412), 207

Amorphized Co3Fe thin film, electron

radiation�induced recrystallization in,

60�65

ANSYS Release 17.0, 180�181

AR glass textile. See Alkali-resistant (AR) glass

textile

Arrhenius model, 228�229, 242�243, 258

Arrhenius reaction rate equation, 256

Artificial intelligence, 287

Artificial neural networks, 287�288

ASTM D412. See American Standard Testing

Machine D412 (ASTM D412)

ATC. See Accelerated temperature cycling (ATC)

Atmospheric corrosivity, 87

Avrami exponent, 63�64

Axial strain of specimen, 336

B
Back propagation artificial neuro network, 288

Backscattered electrons (BSE), 23

Backward compatible mixing, 113, 115�126

accelerated temperature cycling profile, effect

of, 119�121

Ag content, effect of, 121�126

full and partial mix, 115�118

Baja California, 87

Ball grid array (BGA), 3, 4f, 113

effect, 130

Band frequency filtering, 265�266

Basalt textile specimens, 330�331

“Bathtub” curve, 232

Battery-powered devices, 245

Beach ball structure, 133

Beam-spring-mass model, 179

BGA. See Ball grid array (BGA)

Bi-bearing alloy. See Innolot

Bill of materials (BOM), 226, 239

Brittle fibers failure, 294�295

Brittle high-performance fibers, yarn failure from,

293�294

Brown & Srawley analytical model, FE modeling

on, 72�73, 73f, 75f

BSE. See Backscattered electrons (BSE)

C
Capacitance (C), 241

Carbon (C), 162, 294

fibers, 290

woven macrostructure, 292f

Carbon nanotubes (CNTs), 291�292

yarn failure, 295�296

Carbon textiles, 331, 335f

equipment used, 332�334
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Carbon textiles (Continued)

furnace, 333

laser sensor, 333�334

test machine, 332

experimental work, 332�336

failure modes, 344�349, 345f

loading paths, 335�336, 337f

mechanical properties, 342f

preparation of samples, 336f

properties, 335t

results, 337�349, 339t

elevated temperature behavior of industrial

textiles, 337�339

thermomechanical behavior, 338f

thermomechanical properties as function of

temperature, 340�341

specimens, 334�335

tests, 336t

effect of textile treatment on elevated

temperature behavior, 342�344

Caribbean zone, 87

Castin, 136�137

CCA. See Circuit Card Assembly (CCA)

Ceramic failure model, 231, 232f

Chemical FA, 19

Chemical mapping, 93�94

Chemical mechanical polishing (CMP), 36

ChipArray Ball Grid Array (192CABGA),

130�131, 130f

ChipArray Thin Core Ball Grid Array

(84CTBGA), 130�131, 130f

Chlorine, 91, 96

Chromium, 93

Circuit Card Assembly (CCA), 171�172

CL. See Condenser lens (CL)

CMP. See Chemical mechanical polishing (CMP)

CNTs. See Carbon nanotubes (CNTs)

Co3Fe thin film, electron radiation�induced

unilateral amorphization of, 57�59

Coalescence of cracks, 320

Cocoyoc zone, 96

Coefficient of thermal expansion (CTE), 4�5, 119

Coefficients matrix, 185

CoFeB material

boron diffusion and segregation induced phase

and microstructure changes in, 55�65

CoFeB/SiO2 thin film stack, 65

Component’s qualification, 239

Composite materials reinforced with textiles, 306

Composite structures, yarn failure in, 290�293

Condenser lens (CL), 31

Conductive ink, 207

stress�strain analysis of substrate and, 208�209

Conductive yarn failures, 296�297

Connection defects detection

algorithm based on band frequency filtering,

265�266

and localization, 263�265

Contaminants, 153

Contamination, in electronics failure, 153

active soldering fluxes, 176

contamination of electronic circuits, 175�176

contamination as primary cause of motor

failures, 154�165

chemical characterizations, 158�165

control stock motor, 155�156

electrical characterization, 155

failed motor, 156�158

motor operation investigation, 154�155

electrolyte contamination, 165�175

Coplanar cracks, 74�82, 76f

effect of horizontal distance between, 78�82

Corner solder joint deflection

impact loading, 195

validation in harmonic loading, 190�191

Corrosion products, 90

Crack density, 311�312

Critical solder joint stress analysis

in harmonic loading, 191�195

printed circuit board stiffness, 192�194

solder joint geometry, 195

impact loading, 196

printed circuit board stiffness, 196

solder joint geometry, 196

Cryo-TEM imaging, 41�43

CTE. See Coefficient of thermal expansion (CTE)

Curve fitting technique, 209

D
Damage analysis, 90�97

in knitted fabric, 309�315

Damage charts, 91�93, 92f

Daniel’s statistical model, 287�288

Data averaging, 233�234

Deformation behavior of SEC, 216�219

Deformation mechanics of interconnect, 11, 11f

Degradation analysis

based on data collected from economical setup,

254�255

based on data collected from research setup,

253�258

Deionized water (DI water), 175

Dew, 87�88

DI water. See Deionized water (DI water)

Displacement amplitude (Z), 185

6DoF pneumatic hammer, 234�235

Domain reflectometry (TDR), 260�263
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Drop and vibration failure, 12f

Drop test experiment, 8, 8f

Dual-beam FIB, 38�39

Ductile failures, 11�12

Dwell time effect, 131

E
EBSD. See Electron backscattered diffraction

(EBSD)

EDS. See Energy-dispersive X-ray spectroscopy

(EDS)

EELS. See Electron energy loss spectroscopy

(EELS)

EFA. See Electrical failure analysis (EFA)

Elastically coupled two-parallel-plate system, 179

Elastomers, 205

Electrical characterization of motor, 155

Electrical failure analysis (EFA), 19

Electroless nickel immersion gold (ENIG), 137

Electrolyte

contamination, 165�176

leaking capacitor, 166�173

types of electrolyte contamination damage,

173�175

contamination damage, 173�175

corrosion of copper wire, 174f

electromigration of metals, 175f

electrolytic capacitors reliability analysis,

239�244

physical stresses factors for aluminum

capacitors, 241t

Electron backscattered diffraction (EBSD),

108�109

Electron beam radiation, 20�21

damage, 21�22, 21f

during electron beam coating before FIB

milling, 37�38

during electron beam survey before FIB

milling, 36�37

during FIB milling for TEM sample

preparation, 38�40

to low-k and ultralow-k dielectric materials,

25�35

during SEM failure analysis, 22�35

during TEM analysis, 40�45

during TEM failure analysis, 45�65

during FIB and TEM failure analysis, 35�45

structure deformation, 25f

Electron beam�induced knock-on damage, 26�28

Electron beam�induced radiolysis damage, 30

Electron beam�induced thermal damage, 28�30

Electron bombardment�induced sputtering, 21�22

Electron energy loss spectroscopy (EELS), 20

Electron radiation�induced recrystallization in

amorphized Co3Fe thin film, 60�65

Electron radiation�induced unilateral

amorphization of Co3Fe thin film, 57�59

Electronic assemblies, analytical solutions of, 179,

239

experimental modal analysis, 180

FE modeling, 180�182

forced vibration, 185�189

free vibration, 182�185

results

forced vibration, 190�200

free vibration, 190

test assembly details, 180

Electronic circuits, contamination of, 175�176

Electronic devices, failure of

shock and vibration, 8�12

thermal cycling, 4�8

Electronic package, 3, 3f

Electronic products, 107, 179

Electronic systems

application examples, 239�258

combined methodology on FLM, 244�245

electrolytic capacitors reliability analysis,

239�244

supercapacitors reliability analysis, 245�258

[HALT1ALT] rather than ALT, 234�236,

236f

improved reliability assessment method,

226�238

improved reliability estimation methods, 229

intelligent life data analysis, 232�234

new trends to improving reliability analysis,

259�266

mission profile, 259�260

online condition monitoring, 260�266

prediction handbooks, 229�231

reliability block diagram tools and fault tree

analysis for complex systems, 236�238

Electronic textiles, yarn failure in, 296�297

Electronics industry, failure detection methods in,

12�14

Elevated temperature behavior of industrial

textiles, 337�339

Energy-dispersive X-ray spectroscopy (EDS), 20,

89�90, 161�162

Enforced motion method, 182

Engineering asset, 225�226

ENIG. See Electroless nickel immersion gold

(ENIG)

Equivalent series resistance (ESR), 241

Equivalent stress analysis of thermal sensor circuit

design, 219

ESR. See Equivalent series resistance (ESR)
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Etch process, 31�32

Eutectic SAC387, 128�129

Eutectic SnPb, 136�137

Ex situ photoresist spin coating, 37

F
FA. See Failure analysis (FA)

Fabric-reinforced “textile” composites, 307

Fabrics, yarn failure in, 288�290

Failed motor, 156�158

commutators with surface deposits, 160f

oscilloscope capture displaying current

waveform, 158f

Failure analysis (FA), 19

correlation, 20f

Failure mode and effect analysis (FMEA), 250

Fatigue life assessment of electronic assemblies,

179

Fault tree analysis (FTA), 225�226

for complex systems, 236�238, 237f

FE modeling. See Finite element (FE) modeling

FEA. See Finite element analysis (FEA)

FIB. See Focus ion beam (FIB)

Fiber reinforced polymer (FRP), 329

Fiberglass, 290, 291f

woven macrostructure, 291f

FIDES prediction handbook, 229�231

Finite element analysis (FEA), 182, 206, 209�215

boundary conditions

analysis using simulation process, 214�215

printing circuits, 212�213

thermal sensor circuit, 213�214

modeling and meshing of different printing

shapes models, 210�212

Finite element (FE) modeling, 72�77, 180�182,

181f

based on Brown & Srawley analytical model,

72�73, 73f, 75f

linear elastic material properties used in, 182t

multiple cracks analysis on solder joint

behavior, 74�77

solder joint modeling, 73�74

Fire tests, 329�330

First generation Sn�Ag�Cu solder alloys,

128�135

FLM. See Front light module (FLM)

FMEA. See Failure mode and effect analysis

(FMEA)

Focus ion beam (FIB), 22

electron beam radiation damage

during electron beam coating, 37�38

during electron beam survey, 36�37

electron beam radiation during, 35�45

slice, 38�39

for TEM sample preparation, 38�40

Forced vibration

harmonic loading, 185�187, 190�195

impact loading, 195�200

corner solder joint deflection, 195

critical solder joint stress analysis, 196

shock loading, 187�189

solder stress response spectrum, 197�200, 198f,

200f

Forward back propagation model, 288

Forward compatible mixing, 113�115

Fourier-transform infrared (FTIR) spectroscopy

method, 162�164, 171�172

Fractography, 320

Fracture

analysis, 82

behavior, 71, 82

Free vibration, 182�185, 190

geometric and material parameters of two

elastically coupled plates problem, 183t

SDOF system, 184f

Frequency domain reflectometry, 260�263

Friction spun yarns, 277

Front light module (FLM), 239

circuit diagram, 239

combined methodology on, 244�245

FRP. See Fiber reinforced polymer (FRP)

FTA. See Fault tree analysis (FTA)

FTIR spectroscopy method. See Fourier-transform

infrared (FTIR) spectroscopy method

Furnace, 333

G
Galvanic corrosion, 93, 96

Gas chromatography/mass spectrometry (GC/MS),

162

Gauge length, yarn failure depending

on, 285�286

GC/MS. See Gas chromatography/mass

spectrometry (GC/MS)

GC1 textile, 334�335, 342�343

GC2 textile, 334�335, 342�343

GC3 textile, 334�335, 342�343

Geotextiles, mechanical properties of, 318�324,

320f

Glass fibers, 290, 294

Global mesh function, 211

Gold plating, 96

Gravimetric method, 88

Gravity accelerations, 8

Grey Wolf Optimizer, 288

Gun lens, 31
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HALT. See Highly accelerated life testing (HALT)

Harmonic loading, 185�187

corner solder joint deflection validation,

190�191

critical solder joint stress analysis, 191�195

Harmonic vibration, 10�11, 10f

High-dose electron radiation, 54�55

High-performance solders, 135�141. See also

Low-temperature solders

commercialized alloys, 136�141

micro-alloying effect on Sn�Ag�Cu, 136

High-resolution TEM (HRTEM), 55

High-strength yarn failure, 293�294

Highly accelerated life testing (HALT), 234

Hollow-spindle spinning method, 277

Hooke’s law equation, 196

HRTEM. See High-resolution TEM (HRTEM)

Humidity detector, 166

Hybrid yarn manufacturing, 295

I
IC. See Integrated circuit (IC)

IEC TR 62380, 229�230

IMCs. See Intermetallic compounds (IMCs)

IMD. See Intermetal dielectrics (IMD)

IML. See Intermetallic layer (IML)

Impact loading, 8, 195�200

corner solder joint deflection, 195

critical solder joint stress analysis, 196

Impedance measurement technique, 260�263,

264f

In situ electron beam coating in FIB tool, 37

Indoor corrosion, 87

damage analysis, 90�97

damage levels, 91t

methods, 89�90

Inductance, capacitance, and resistance (LCR)

measurements, 260�263

Industrial carbon textile, 331

Industrial textiles, 329

elevated temperature behavior, 337�339

Inelastic scattering�induced ionization effect, 28

Infrared spectrum, 164, 164f

Innolot, 136�137

Integrated circuit (IC), 3, 19, 90�91

component, 179

piezoelectric impact hammer, 180

Intelligent life data analysis, 232�234

Interdendritic regions, 132�133

Intermetal dielectrics (IMD), 24

Intermetallic compounds (IMCs), 71, 115

Intermetallic layer (IML), 126

Interweave geometry effect, 318�324

“Ionic” contamination, 165�166

IPC-9701 standard, 14

IPC/JEDEC-9702 standard, 14

IPC-SM-785 standard, 13

J
Japanese Electronics Industry Association

(JEITA), 128�129

JESD22-B111 failure criteria, 14

Johnson�Mehl�Avrami model (JMA model),

63�64

Joint Electron Device Engineering Council

(JEDEC), 8

K
Kevlar yarns, 293

Kinetic isothermal grain growth, 62�63

Knitted fabrics, 305�306, 305f

damage analysis in, 309�315

composite, 313f

crack development for samples, 312f

microdebonding, 314f

stress�strain AE events for textile composite,

314f

Knitted loops, 310

Knock-on damage, 21�22

L
Land grid array (LGA), 133

Laser sensor, 333�334

LCR measurements. See Inductance, capacitance,

and resistance (LCR) measurements

LDA. See Life data analysis (LDA)

Lead free solder alloys, 107, 109�112

failure and microstructure, 108�109

first-and second-generation Sn�Ag�Cu solder

alloys, 128�135

high-performance solders, 135�141

low-temperature solders, 141�145

Pb-doped solder alloys, 113�128

backward compatible mixing, 113, 115�126

forward compatible mixing, 113�115

lessons learning, 126�128

trade names of alloys and nominal

compositions, 108t

LEADFREE project, 141�142

Leaking capacitor, 166�173

capacitor on commercial off-the-shelf humidity

detector circuit card, 171f

elemental spectrum collected of humidity

detector residue, 168f
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Leaking capacitor (Continued)

humidity detector with residues on surface, 167f

infrared spectral database matching result of

connector residue spectrum, 170f

residues on connector frame, 167f

LGA. See Land grid array (LGA)

Life data analysis (LDA), 226, 228

Life-stress models, 241

Liquid electrolytes, 166

LK dielectrics. See Low-k dielectrics (LK

dielectrics)

Loading paths of carbon textiles, 335�336, 337f

Localization, connection defects detection and,

263�265

Low dose

in FEI TEMs, 41

TEM technique, 41, 43

Low-k dielectrics (LK dielectrics), 20�25

control of electron beam radiation damage to,

30�35

electron beam radiation damage to, 25�30

radiation damage to, 35�45

SiCOH materials, 25, 33�34

Low-temperature solders, 141�145. See also

High-performance solders

lessons learning, 145

micro-alloying effect, 142�144

effect of substrate, 142

M
MAC number. See Modal assurance criterion

number (MAC number)

Magnetic random access memory (MRAM), 22

Magnetic tunneling junction (MTJ), 55

Maximum axial thermomechanical deformation,

336

Maximum likelihood estimator (MLE), 234

Mean time between failures (MTBF), 228

Mechanical bending of PCB, 11

Mechanical vibrations, 9

Median rank (MR), 234

Meshing, 211

Micro-alloying, 136�137

effect on Sn�Ag�Cu, 136

Microscale modeling, 295

Microstructural evolution, 5�8, 108, 131�135

Microstructural failure mechanisms, 307

Milano weft-knitted fabric structure, 310, 311f

Mind evolutionary neural network, 288

Mission profile, 259�260

MLE. See Maximum likelihood estimator (MLE)

Modal assurance criterion number (MAC number),

190

Modern electronics technologies, 227�228

Moiré fringes, 62

MR. See Median rank (MR)

MRAM. See Magnetic random access memory

(MRAM)

MTBF. See Mean time between

failures (MTBF)

MTJ. See Magnetic tunneling junction (MTJ)

Multiaxial E-glass textile, 315

Multiaxial noncrimp fabrics

damage sequence in, 315�317

technical specification of textile, 316t

Z-pinned multiaxial textile architecture/

geometry, 317f

Multilinear plastic model, 208�209

Multiple cracks analysis on solder joint behavior,

74�77

Multiple linear regression technique, 288

N
Nanofibers, 289�290

National Instruments data acquisition system

model 4413 (NIDAQ-4413), 180

NCFs. See Noncrimp fabrics (NCFs)

Neo-Hookean model, 206�209

Neuro-fuzzy models, 287

Newtons (N), 277

Nickel, 93�94

Ni-doped SAC305, 136

NIDAQ-4413. See National Instruments data

acquisition system model 4413

(NIDAQ-4413)

Nitride thinning-down, 51�53

Nitrogen oxides (NOx), 88, 98�99

Noncrimp fabrics (NCFs), 315

Nondestructive techniques, 307

Nonsilicone contamination source, 165

Nonstitched materials, 305, 305f

Nonvolatile memory (NVM), 45�46

Nonwoven fabrics, 305, 305f

Normalized mechanical properties of carbon

textiles, 340, 340t

Normalized ultimate stress, 340, 341f

Normalized Young’s modulus, 340�341, 341f

NVM. See Nonvolatile memory (NVM)

O
ODE. See Ordinary differential equation (ODE)

Online condition monitoring, 260�266

concepts for connection defects detection,

prognostics, and localization, 263�266

algorithm based on band frequency filtering,

265�266
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method for connection defects detection and

localization, 263�265

ONO. See Oxide�nitride�oxide (ONO)

Ordinary differential equation (ODE), 188

Organic acids, 165�166

Organic solderability preservative (OSP), 142

Outgassing, 153

Oxide�nitride�oxide (ONO), 46�50

Oxygen (O), 162, 167�168

Ozone, 98�99

P
pA. See Pico-ampere (pA)

Parallel edge cracks, 74

effect of distance between, 77�78

Parametric stochastic model, 232

PCBs. See Printed circuit boards (PCBs)

PDMS. See Polydimethylsiloxane (PDMS)

PES. See Polyester (PES)

PET. See Polyethylene-terephthalate (PET)

PFA. See Physical failure analysis (PFA)

Photoresist (PR), 37

Physical failure analysis (PFA), 19, 22�25

Physics of failure model (PoF model), 225�226,

246, 253�258

product development cycle, 239, 240f

prognostics model, 231, 233f

Pico-ampere (pA), 28

Piezoelectric sensors, 307�308

PLM. See Polarized light microscopy (PLM)

PoF model. See Physics of failure model (PoF

model)

Poisson’s ratio, 209

Polarized light microscopy (PLM), 108�109

bright-field and PLM images of SAC�Mn

solder joints, 110f

image and EBSD map of SAC�Mn solder joint,

111f

Pollutants, 88, 90

Polydimethylsiloxane (PDMS), 205�207

Polyester (PES), 315

Polyethylene-terephthalate (PET), 320�321, 322f,

323f

Polynomial fit (polyfit), 234

Polypropylene (PP), 320�321, 322f, 323f

Polyvinyl chloride (PVC), 93

Pore-like defects, 53�54

Potassium carbonate, 165�166

PP. See Polypropylene (PP)

PR. See Photoresist (PR)

Prediction handbooks, 226�231

Printed circuit boards (PCBs), 3, 89�91, 107, 179,

182�184

bending, 11

stiffness

in harmonic loading, 192�194

in impact loading, 196

Printing circuits, 212�213

Printing process of circuits, 207

Probe current effects, 31�32

Pt anticharging coat layer effects, 32�35

PVC. See Polyvinyl chloride (PVC)

R
Radiation damage, 21�22

to low-k and ultralow-k dielectrics, 35�45

to silicon nitride, 45�55

Radiation-enhanced diffusion effects (RED

effects), 51�53, 64�65

Radiation-induced heating effect, 29�30

Radiation-induced ionization effects, 21�22

Radiolysis damage, 30

Random vibrations, 10�11, 10f

RBD. See Reliability block diagram (RBD)

RED effects. See Radiation-enhanced diffusion

effects (RED effects)

Reliability, 179

improved reliability assessment method,

226�238

ALT, 228�229

LDA, 228

prediction handbooks, 227�228

improved reliability estimation method, 229

Reliability block diagram (RBD), 225�226

decomposition of system, 238f

tools, 236�238

Residual condition, 329�330

Restriction on hazardous substances (RoHS), 107,

128�129

Ring spun yarns, 282

Ritz method, 182�184

RoHS. See Restriction on hazardous substances

(RoHS)

Rotor spun yarns, 277

S
SAC alloys. See Sn�Ag�Cu alloys (SAC alloys)

SAC305 alloy, 128�129, 141�142

BGAs, 113

SAC387 as conventional Pb-free alloy, 136�137

SAC396 alloy, 128�129

Sb-doped SAC alloy. See Castin

Scanning electron microscope (SEM), 20, 89�90,

161. See also Transmission electron

microscope (TEM)
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Scanning electron microscope (SEM) (Continued)

electron beam radiation damage during SEM

failure analysis, 22�35

physical FA and low-k/ultralow-k dielectrics,

22�25

Scanning TEM (STEM), 53�54

Screen mesh fabrication, 207

SDOF system. See Single-degree-of-freedom

system (SDOF system)

SE. See Secondary electrons (SE)

SEC. See Stretchable electronic circuit (SEC)

Second-generation Sn�Ag�Cu solder alloys,

128�135

Secondary electrons (SE), 23

SEM. See Scanning electron microscope (SEM)

Semiconductor industry, 20

SerialEM in JEOL TEMs, 41

Shielding effect, 77

Shimadzu universal machine, 316

Shock, 8�12

failure, 11�12

loading, 187�189

Shock response spectrum (SRS), 197�199

SIFs. See Stress intensity factors (SIFs)

Silicon (Si), 162

Silicon nitride, radiation damage to, 45�55

Silicone rubber, 206�207

Silver (Ag), 99, 206�207

Ag3Sn IMC particles, 119�121

content effect, 121�126, 130�131

Silver nanoparticles in combination with PDMS

rubber (Ag-PDMS), 206�207

Single-beam FIB, 38�39

Single-degree-of-freedom system (SDOF system),

184, 184f

Sinusoidal signal, 10�11

Sn�9Zn solder joint, 142

Sn�Ag�Cu alloys (SAC alloys), 73, 107

first-and second-generation, 128�135

effect of accelerated temperature cycling

profile, 131

Ag content effect, 130�131

effect of BGA component, 130

dwell time effect, 131

lessons learning, 135

microstructural evolution and failure

mechanisms, 131�135

micro-alloying effect on, 136

Sodium chloride, 165�166

Solder failure, 14

Solder joints, 3, 5�8, 107

axial deflection, 189

failure, 71

geometry

in harmonic loading, 195

in impact loading, 196

modeling

FE, 73�74

material properties for, 74t

Solder Product Value Council (SPVC), 128�129

Solder stress response spectrum, 197�200

Solidification sequence, 132�133

Spectra polyethylene fibers, 293�294

Spinning methods, 277

staple yarn failure depending on, 281�285

Spun yarn failure, 277

air-jet spun yarn, 280f

helical structure of ring spun yarn, 278f

Wrap spun yarn, 281f

SPVC. See Solder Product Value Council (SPVC)

SRS. See Shock response spectrum (SRS)

Standard field tests, 89

Staple yarn failure, 281�285

broken end of staple fiber yarn, 282f

stress�strain curve of staple fiber yarn, 281f

STAR Modal Version 7.0, 180

Static loading, 73, 179

Statistical learning theory, 288

STEM. See Scanning TEM (STEM)

Stitched fabrics, 305, 305f

Stochastic model, 229

Stock motor control, 155�156

oscilloscope capture displaying commutation

current, 157f

oscilloscope capture displaying current
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