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l. lntroduction 

The failure of an electro nic system i the loss of its ability to perfo rm its desired funct io ns. 

Actuari a l stati sti cians lump fa ilures into o ne of th ree catego ri es : in fant mo11ali ty, rando m 

failure o r sudden overstress, and wear-out failure, depending o n the trend of the failure 

rates . T he phenomena of in fant mo11ali ty, sudden overstress, and wear-out co rrespo nd to 

different failure mechani sms or their combinat io n. T he commo n practice is to quant ify ou r 

ignorance of the stresses, materials, configurati o ns and other vari ables using stochasti c 

distributi o n to represent their behavio rs. But even these stochas tic characteri stics cann o t 

be quantified without an intimate knowledge of the characteristics of failure . [I] 

In traditional reli ab ility analysis fo r electronic systems applicatio n, typ ica l practice is to 

assess the mean- time-to-failure (MTTF), constant mean-time-between-fa ilure (M TBF), o r 

constant fa ilu re rate by assuming an expo nential di stributi o n. T hi s ex hib its a bl atant 

di sreoard fo r the individual failure mechanisms and their effect on fi eld re li ability leadino 
0 , 0 

to poo r esti mates of time to failure. This is especially tru e fo r e lectro ni c compo nents 

where tradi tio nal reliability predicti o n is based o n empiri cal models fitt ed to fie ld data 

where the roo t causes of failures are igno red. MlL-HDBK-2 17 [2] i o ne such exampl e. 

Failu res o f an elect ro ni c modul e are due to a co mplex set of interacti o ns between (i) the 

"stresses" ( i .e. enviro nment parameters that act o n and within the module) and (ii ) the 

materials and config urati o ns o f components, so lder interconnects, and boards. fn order to 



understand the interaction between the environment and the e lectronics device as well as , 

und erstand the effect of the critical variab les on the stati sti cal distribution and thus the life 

physics-of-failure methodology must be used . From the view point of physics-of-failure, 

the characterist ics of the failures of an electroni c system should be defined by the failure 

mode, failure mechanism, and fai lure site . [3,4] 

Failure mode is a physically observab le change caused by the fa ilure mechanism, such as 

an open, a sho rt, an increase in resistance, or any other electrical change in the device. 

Failure mode can serve as a failure criterion in accelerated testi ng, and therefore, the 

traditional failure mode effects analysis (FMEA) is a helpful tool for identi fy ing failure 

phenomena. However, in traditional FMEA, the failure modes can not be quantitatively 

related to applied stresses, material damage, and product life by a physical model, and 

therefore is not a suffi cient analysis too l. 

The failure mechanism is the und erlying process by which the specific combination of 

thermal, mechanical, electrical, stresses induce failure The process of a failure usually 

starts from existing defects such as voids in a material o r microcracks in the interface of 

two materia ls . 

T he locati o n where a failure occurs is called the failure site . The failure site can be 

class ified into di ffe rent levels such as compo nents, intercon nects, substrate, and ho using 

A failure mechani sm could occur at different sites . The fa ilure mechani sms sho uld not be 
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confused w ith fa ilure modes and initi al defects, althoug h they are often ca lled the root 

cause o f fa ilures. 

A co rrect reliability qu ali fication procedure fo r criti cal co mponents sho uld begin w ith an 

investigati o n o f all criti cal fa ilure mechani sms, fo ll owed by an identificatio n of w here and 

when they may occur, and their effect on the o peratio n of the electroni c mod ul e ove r the 

required usefu l life . Fa ilures must be identifi ed with respect to the fa ilure mechanisms that 

could po tenti ally be activated in an electro ni c module during o perati o n, with the 

understand ing that a g iven fai lure mechani sm can occur at many sites . T he refo re, 

investigati o n o f failure mechanism, site, and mode sho uld serve as a g uide fo r accele rated 

testing. 

In the development of an electronics module, timely and cost effective techniques fo r 

qualification, reliabil ity enhancements, and screening are extremely important to minimize the 

time-to-market and satisfy the customer expectation of long-tenn reliabi lity In order to 

anticipate the likelil1ood o f fai lure under long-term operational conditions, it is necessary to 

fully understand the basic fai lure mechanisms and then take steps to guard adequately against 

the manifestation of these failure mechanisms. [5, 6] The abi lity of an electronic assembly to 

perfo nn its required functi o n must be evaluated because the reliabi lity of a module is a function 

of the reliabil ity of individual components and of the intercon11ects Testing to ensure adequate 

reliability and quality is usually done under accelerated stresses to achieve test ti me 

compression. Qualification tests as defi ned in this study are perfo rmed during product 
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development and are intended lo assess the product's ability to conform to nomim1l design and 

manufacturing specifications by satisfying long tern1 reliabi lity requirements Reliabi lity 

enhancement testing is performed to guide the ruggedization of products when the 

demonstrated reliability is deemed to be inadequate. Screening provides a means by which an 

investigator may find fragile or faulty items in an electronic module by means of a test with 

appropriately accelerated stresses without weakening or causing the failure of sufficiently 

robust items. ln each case, the necessity to quantity the results of the test remains. Applying 

physics-of-failure methodology to an accelerated test provides the investigator with 

information other than just pass-fail. [7] 

This research is pe1formed to introduce the inexperienced engineer to the physics-of-failure 

methodology as it applies to accelerated testing. The approach is illustrated for testing of 

solder joint interconnects. The physics-of-failure methodology is employed in detail to evaluate 

the results of the accelerated test and provide usefi.il infonnation on long tenn reliability of 

electronic components Around the electronic packaging industry, accelerated test are 

performed regularly to evaluate the package design relative to each part icular application [8 ,9] 

However these test results are often evaluated using stochastic approaches in which the effect 
' 

of the failure mechanisms is evaluated without regard to actual mechanism. In fact, as this 

study shows, some mechanisms which are unwanted may appear. While statistical methods 

can sometimes help ident ify these mechanisms, it is not possible to correctly eva luate them 

using statistics alone. rt is suggested that statistical methods be used to reinforce the physics­

of-fai lure methods and not be used in place of them. 
' 



A properly designed accelerated test must not only provide accurate information, but also 

provide economic savings and quick tum-around during development of new products o r 

during process changes in existing products. Test time compression is achieved by accelerating 

the stress levels on judiciously chosen test specimens An acceleration transform is a usefi.il 

tool which can be used to relate the accelerated test results to any operational environment. 

Unfortunately, accelerated tests are often perfon11ed without identify ing the potential failure 

mechanisms, without adequately investigating the existing acceleration transfo1111 models, and 

without continuously modifying the test specifications for introduction of new technology. 

Therefore, testing based so lely on historical testing specifications can be costly and lead to 

erroneous conciusions. Furthe1111ore, empirical parametric studies using accelerated testing 

techniques often require the testing of many samples under multiple load histories in order to 

create an accurate, populated database. By carefully varying the critical variables in the test 

specimens, the time required fo r the parametric-accelerated test can be effectively compressed 

by allowing the investigator to achieve multiple stress levels from a si ng le load history. 

The physics-of-failure approach involves the use of testing procedures which are based on 

quantitative models of the expected fai lure mechanisms derived and validated from previous 

test results. r n addition, the physics-of-failure approach provides a method to obtain 

acceleration transforms and useful trends from limited amount of test data with confidence. 

This study attempts to app ly the physics-of-failure approach to accelerated testing of surface­

mount components with leadless solder joints, and proposes a practical procedure for 
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extracting info m1ation from a sing le accelerated test. 

Solder joints typically fail due to cyclic creep-fatigue interactions under thermally applied cyclic 

stress The driving stress is due to the thermal expansion mismatch between the component 

and the printed circuit board (PCB), as well as the shear stress in the solder jo in t near the bond 

pad due to the thennal expansion mismatch between the solder material and the bo nd pad. T he 

critical variables in this example of an accelerated test are the differences of the coeffi cients o f 

them1al expansio n (CTEs) of the PCB material and the components Other criti cal variables 

include the component dimensions and the geometry o f the solder joint. Physics-of-failure 

models are used to correctly evaluate the acceleration transform fo r solder jo int reliabili ty 

without having to create a huge experimental database. 

The parametri c-accelerated fatigue test fo r surface-mount solder joints is described in Section 

2 . The observed failure mechanisms statistical evaluation of the test results are discussed in 

Section 3. The physics-of-failure models used to quanti fy the results of the test and extract 

acceleration transfonn information based on the physics-of-fai lure are discussed in Section 4. 

Conclusio ns and discussions are presented in Section 5. 
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2. Accelerated Test Procedure 

As discussed in Section I , in order to correctly evaluate the ability of an electronics assembly to 

withstand long term conditions in a harsh operating environment, the wearout mechanisms 

must be assessed and accelerated. In doing so, care must be taken to accelerate the 

mechani sms that will cause failure in field conditions without accelerating those mechanisms 

which would not ordina1ily cause damage. [t is well understood and widely accepted that the 

driving stress which defines solder joint reliability under therrnomechanical cycli c loading is the 

differential thermal expansion caused by the size of the component and the difference in the 

CTE between the substrate and the component. Addi tionally, the height of the solder jo int, 

cross sectional profile of the solder joint, fo rmation of intermetalics, and bond pad integrity can 

affect fatigue life of the solder joint. 

2.1 Test Samples and Matrix 

In this study, the critical variables which are considered are the differential them1al e~pansion 

between the component and the substrate and the size of the components It is assumed that 

the solder joint geometry, quality, and metallurgy are nominally unifo m1 across each of the 

modules. It is also assumed that the CTE of the module is uniform across each of the modul es 

such that the sam e size components on each of the modules experiences the same stress due to 

the differential expansion regardless of its location on the module. These assumptions are then 

evaluated to determine their validity within the scope of accelerated testing . 
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Fifteen double-sided, symmetric, multilayered circuit board modules, consisting o f ceramic 

leadless chi p caITiers (LCCs) and plated through holes (PTHs), are chosen fo r this study Each 

module consists of two PCB substrates adhesively bo nded to a thermally conductive core or 

heatsink . T he samples chosen in this study have different combinatio ns of PCB, heatsink, and 

adhesive material as given in Appendix A. The dimensions and material properties of the 

modules are also given in Appendix A. Each module consists of four 68-pin L CCs, six 48-pin 

LCCs, twenty 32-pin LCCs, and two PTH arrays as shown in Figure 2 .1. T hus, there are 

many stress levels fo r a single load hi story. The effect of the size of the compo nents, placement 

of the components, and materials used to manufacture the modules o n the stresses can be 

evaluated and comprehensive acceleration transfonns can be created from a single load history 

because of the multitude of stress levels reached in different solder joints. 

Each component is daisy chained and continuously digitally monitored using Anatech event 

detectors, and are polled every 10 seconds. If a transient resistance spi ke in excess of 300 

Ohms is detected, temperature and elapsed thermal cycles for the event are recorded in a 

database. This type of intennittent, transient change in resistance is typical of fatigue failures. 

The occwTence of l 5 such events within less than 20 thermal cycles is defined as a failure of 

the solder joint or PTH because the event detectors retain information o n o nly the first l 5 

events. 

The thennal cycling for the parametric-accelerated test is perfo rmed in an accelerated stress 
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test chamber, w hich is capable of temperature ranges of 200 °C to - I 00 "C (3 92 "F to - 148 "F) 

at a temperature rate of change of 60 °C/min . ( 140 °F/min ) The accelerated test temperature 

profi le chosen fo r thi s study has temperature extremes in th_i s profi le of 90 "C and -55 °C 

These extremes are typical of the harshest conditions w hich will be expe1ienced in an operating 

enviro nment. In fact the temperature range is anaJogous to the temperatures experienced by a 

module mounted o n an airplane which takes off fro m an asphaJt runway located in a desert and 

fl ies at high aJtitudes in Sibe1ia. The thermal rate of change is chosen to be I O °C/min. in order 

to ensure that all of the modules located in the chamber will experience the same temperatures. 

The temperature holding or soak time of23 .5 m_inutes at the hjgh temperature excursion is 

chosen to ensure that there are no them1al gradients in the modules, and facilitate the time and 

temperature dependent stress relaxation. A soak time of 5. 5 minutes is used at the low 

temperature excursion in order to ensure that there are no thermal gradients in the modules. 

Each theimal cycle ta kes 58 minutes to complete. In order to acrueve failure of a sizable 

percentage of the population, the cycling is continued until I 000 thermal cycles are completed. 

To measure the temperature di stribu tion in the test chamber, l 5 thermocouples are 

strategically placed in the testing array . The air st ream temperature diffe rs by as much as 

1 o 0c from the temperature measured at the modul e which is located furth est fro m the 

plenum at the front of the chamber wh_ile ramping. T he a ir stream temperature and the 

modul e temperatures co incide with in the fi rst few minutes of the dwell pe riods. H owever, 

due to close proximity of the boards to each other, and the inte,-fe rence of the air fl ow 

caused by the cab les connecting the boards to the Anatech devices, the temperature 
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(Q) 
Components 

Substrate 40-65 mils 

Heatsink 40-.80 mils 

Figure 2.1 . Double-sided, multilayered :nodule. 

di stribution across each board may be marginally non-uniform . However, this difference is 

fo und to be less than 3 "C, which is within acceptab le limits. 

The failure data for solder joint fai lures is shown in Appendix B. The failure data is separated 

by groups which have the same approximate CTE. In order to qualitatively obta.Ln some trends 

of the failure data, histograms are shown in Appendix C It is apparent from these histograms 

that the trends foll ow intuition. The larger components typically fail before the smaller 

components within the sarne group. However, there are some 32 pin components whjch fai led 

on Group 2 (CIC core) before the 48 pin components fail ed on 1he same module. Statistical 

analysis along with physics-of-failure methodology wi ll be used 1n Sections 2 and 3 to explain 

thi s phenomenon 



2.2 Q ualitative Analysis of Failure Mechanism 

As discussed in the lnt roducti o n, the shape o f the so lder jo int is also assumed to be 

nominally uni fo rm, w hi ch implies that the variabili ties in the shape of the so lder joint play 

no ro le o n the re liabili ty . T hi s study has shown that there is, in fac t, a vari ability in the 

shape of the so lder jo in t. Figure 2 .2a shows a 30X magni ficat io n photograph of a 

premature failure wh ich occurred on a 32-pin LCC o n a po lyimide/fiberglass board with a 

CIC heatsin k. T hi s prematu re failure occurred pri or to any 48-pin LCC failures o n tha t 

board . This premature fa ilure was not an iso lated event, and the 32-pin L CCs on the CIC 

heats ink boards (modul es 4A and 4B) consistently occurred earlier than the 48 -pin LCCs 

on those boards. P recise characterizatio n of the CT Es of these modu les showed that there 

was delaminatio n of the substrate from the heatsin k. Although the 68-pin LCC shown in 

f igure 2.2 b was pho tographed at 34 1 thermal cycles and some damage inevitably has 

occurred between the ti mes at w hi ch each photograph was taken, it serves to qualitatively 

illustrate that there is some variatio n in the shapes of the so ld er j oints and tha t variati o n 

could affect the solder joint reliability. The so lder jo int on the 32-pin LCC has a higher 

concentratio n of so lder near the neck ( castellati o n) where the so lder connects to the 

compo nent, and the 68-p in LCC has a thinner co lumn-li ke shape The amount o f 

bulbousness is contro ll ed by the volume of so lder deposited in the board prio r to refl ow 

As stated earlier the dri ving fac to r whi ch determines the reli abili ty o f the su,-face mo unt 
' 

compo nents is the shear stress at the so lder jo int caused by diffe rential thermal expansion 
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of the substrate and the component. Figure 2.2c shows a 68-pin LCC on a kevlar board 

with a carbon composite heatsink . There were no failures reco rded on thi s module . 

Figure 2.2d shows a 68-pin LCC on a polyimide/C IC foil board with an aluminum 

heatsink . Although there were no fai lures on the Kevlar board , some fatigue damage is 

noted by the striations at the castellation . 

Fiem·,· 2.2a Polvimide on C IC LCC 32 

Photographed a t 9 50 Cycles 
Fa iled at 500 Themw l Cycles 
,\dhesivc Rigid llond 
Nonnali 1.ed CTI·: 1.7 

Fieurc 2.2,· Kevlar/ Epoxy on Carbon Composit e LCC 68 

Photographed at 9 50 Cycles 
Complet ed I 000 Cycl es wit hout Failure 
i\dhes ive: Complia nt llond 
Nonnalized CTE 1.57 

Figun • 2.2 b Polyimidc on C IC I .CC 68 
Photographed at 34 1 Cycles 
Completed 1000 Cycl e~ w it h<>ut Failure 
i\dhesive: Rig id B~nd 
Norma lized CT E 1.7 

Fie urc 2.2d Polyirnidc/C !C Fo il on /\ I 60(, 1-H , LCC 68 
Photographed at 34 1 Cycles 
Fai led at 179 Cycles · 
i\dhesivc: Compliant llond 
Nom1ali1.ed CTI ·: 1. 7 1 
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2.3 CTU:: C haracterization 

As stated in the fntroduction , the driving factor which determines the reliability of the 

surface mount components is the shear stress at the solder joint caused by differential 

thermal expansion of the su bstrate and the component; therefore, precise characteri zat ion 

of the CT Es of the material s is essential to pe,form an accurate re liability analysis This 

study illustrates that C' timation of multilayered assemblies is a difficult ta sk and 

experimental characterization is sometimes necessary. 

The CT Es of the module materials are either taken from in-house data, provided by the 

manufacturer of each of the substrates and heatsinks, or taken from the CALCE database. 

The CALCE software contains a laminate analysis tool which is used to determine the 

CT Es of the g lass-polyimide/CIC ( co pper-invar-copper) foil substrates . These substrates 

are comprised ofglass-polyimide reinforced with two 6 mil thick 12.5/75/l2 .5 (¾copper­

¾ invar-¾copper) CIC foi ls. However, the CTEs of bonded assemblies cannot be 

predicted well with laminate analysis because laminate analysis does not perform well for 

imperfect bonding or viscoelastic materials such as the adhesives used to attach the 

substrates to the heatsinks in each modu le. The inability of a compliant bond to couple the 

CTE of the substrate to that of the heatsink material cannot be precisely determined using 

laminate analys is because it is form ul ated for comple te ly rig id or perfectly bonded elastic 

material s. Therefore, it is necessary to characteri ze the CT Es of the modules through 

carefu l experimental measurements. 
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The CTEs are measured as per Measurements Group Techni cal No te 5 13 . T he surface of 

the substrates of the mod ul es a re prepared by removing the so lder mask and confo rmal 

coat ing and the 350 Q strain gages are mo unted using M-Bond 600 adh es ive acco rdin o- to 
0 

Measurements Group Instructi on Bull et in B- 130- 14 . The gages are then clamped to 

ensure a thin, hard g lue line. The assembly is then placed in the thermal chamber and 

ramped at l O °C/min . to I 50 °C where the adhesive is cured fo r tw o hours. In o rd er to 

mi nimize the effects of the change in res istance of the lead wires o n the strain 

measurements due to thermal change in resistivity, a three wire configurat io n is used. 

Further, the length (= 50 cm) and the size of the wire (JO AWG = .25 mm diameter) is kept 

as small as possib le Fina lly, a protective coating (3 l 40 R TV) is applied to the strain 

gage. 

The strain gages are placed in the active arm in a quarter Wheatsto ne Bridge 

configuration. A reference gage mounted o n a materi al with a known, nea r zero CTE 

(t itanium silicate) is placed in a separate quaiier bridge The reference gage is a lso placed 

in the thermal chamber for thermal compensation of the measurement. The strain 

experi enced by the reference gage is mainly du e to the therm al response of the gage, and 

no t the materia l on which the gage is mounted du e to the fact that the reference material 

has a near zero CTE. In thi s way any effects of the CTE of the gage and the internal 

heating effects o f the gage du e to the bridge vo ltage are known. In additio n, the 

transverse sensitivity of the strain gage ( although small ) should be taken into acco unt. 
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The strain in the reference gage is subtra cted fro m th e apparent stra in of the meas urement 

gage to g ive the actual strain of the mate rial to be measured The s lo pe of a linear least 

sq uares regression of th e strain measurements taken at l O °C inc rements versus 

temperature g ives an averaged CTE of th e rnateri a l over the temperature range This 

averaged value is used as inputs into th e physics-of-failure models. The x- intercept of the 

linear least squares regression is the te mperature at which the bridges are balanced. 

The CTE measu rements are done on the surface of each modul e substrate at four locati o ns 

as shown in Figure 2 .3 (both in plane directi ons x and y, in the center and edge of the 

substrate) . Measuring the CTEs in two places gives valuable information about the CTE 

distributions in each module . Measuring the CTEs in two places and two directions 

provides insight into potential delamination failure modes of the module . 

Edge 

Center 

F
. e 2 3 Placement of Strain Gages fo r CTE Characterization of Modules. 1gur .. 
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In order to plot the CTE as a fun ct ion of temperature, the strain as a funct ion of 

temperature is divided by Li T, where Li T is the abso lute temperature difference relative to 

the temperature at wh ich the bridge is balanced . Taking this loca l grad ient becomes 

numerica lly unsound due to the fact that there is some noise in the strain measurements 

(+/- IOµ£), and LiT approaches zero near the balance temperature (divi sio n by zero) rn 

order to smooth the data, weighted cubi c splines with linear in terpolati on functions at the 

endpo ints are fitted through every th ird CTE calcu lation . The average of the three sets of 

cubic splines fits the data by weighting the outliers less. This technique of averaging the 

cubic sp lines to smooth the experimental data provides the CTE as a function of 

temperature as opposed to an averaged CTE whi ch provides a single value over the entire 

temperatu re range. The CTEs are then normalized by the component CTE in order to 

oain insioht into the stress levels experienced by the components 
0 0 

Figure 2.4 shows the measured CTE di stribution of one module in w hi ch the hea tsink has 

a CTE which is oreater than the substrate CTE. The ad hesive which is used to attach the 
0 

substrate to the heatsink becomes rigid at low temperatures. The measurements taken at 

the midd le of the module become higher at low temperatures Th is is due to the ad hesive 

becomina ri oid makina the substrate respond more like the heatsink which has a lower 
.::::, :::, , b 

CTE. The inve rse effect occurs for the measurement taken at the edge of the module due 

to some delaminatio n of the substrate from the heatsink at the edge. These measurements 

hi ohJi uht the li mitation in assuming a uniform CTE distri bution across each module. Jn 
0 O 
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fact , the components loca ted nea r the edge on thi s module und ergo less strain than the 

center co mponents at low temperatures Further, these measurements emphasize 

inaccuracies in ca lculating the modu le CTE instead of measuring it, and the errors whi ch 

ca n be int roduced by assuming the CTE to be independent of temperature. 

Figure 2.5 shows the CTE di stribution of one module in whi ch the heatsink CTE is less 

than the substrate CTE. The adhesive which is used to attach the substrate to the heatsink 

is compli ant fo r the whole temperature range. As usual, the measurements taken on the 

edge are dri ven by the substrate and the measurements taken near the middl e are dri ven by 

the CTE of the heatsink. The reason the edge measurement in the x-directi on is hi o- her 
C, 

than the middle measurement in the x-d irect ion is because the substrate CTE is higher than 

the heatsink. The measurements taken in they-direction do not fo llow the same trend , 

because the strain oaoes oriented in they-direction are on the x-edge not the y-edo-e as 
0 0 ' 0 , 

hown in Figure 2.3 . Note that although the ad hesive is considered relatively compliant at 

all temperatures, the viscoelastic response of the adhesive does make it stiffe r at low 

temperatu res This tends to coup le the CTE of the substrate to the lower CTE of the 

heatsink at low temperatures In add ition, the substrate material beco mes stiffer at low 

temperatures thus reducing the CT E. The fact that the CTE drops off drasti cally at lower 

temperatures is a desirable response. In fact, this is the only module whi ch had no fa ilures 

after I 000 thermal cycles. Again, the inaccuracy of estimating a un ifo rm, co nstant CTE 

over the temperature range is illustrated clearly. 
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T he CTE meas urements for the remaining modu les is p resented in Appendix D. Note the 

modu les w ith the C IC heats ink (mod ul es 4A, B) which had 32-pin components fai ling befo re 

the la rger 48-p in components has a ve ,y large CTE near the edge in the x- direction. Th is 

meas urement was repeated several times and w ith different s train gages at that location to 

ens ure that no errors were caused by the ex perimental setup . T he CTE meas urements show 

that the subs trate has become delaminated from the heatsink du e to the thermal cycl ing Th is is 

a ve1y s imple exampl e of stati s ti cal data (his tograms) wh ich must be verifi ed us ing the phys ics­

of-failure approach. The experimental data sugges ted a contro l prob lem with these 

components , but careful analys is of the situation uncovered a new failure mechanism in this 

case the new failure mechanism is dela rnination of the substrate from the heats ink. Altho ug h 

thi s is a ve1y simple example of us ing th e phys ics-of-failure methodo logy in conjunction w ith a 

statistical analysis , it serves to illustrate the point Now that the new mechani sm has been 

identified, care can be taken in the future to prevent it from affecting the useful life of the 

assemb ly and contaminating the failure data. 

Board X- Middle X- Edge Y- Middle Y- Edge Board Cale 

Number CTE CTE CTE CTE CTE CTE 
Normalized Normalized Normalized Normalized (avg) 

1 1.76 1.6 1.67 1.67 

2A Data from 1 Data from 1 1.67 1.67 

28 Data from 1 Data from 1 1.67 1.67 

3 1.65 1.8 1.72 1.5 

4A 1.61 1.69 1.8 3.7 1.7 1.48 

48 Data from 4,c\ Data From 4A Data from 4A Data from 4A 1.7 1.48 

5 1.7 1.72 1.71 1.9 

6 Data from 5 Data from 5 1.71 1.9 

7 1.65 1.6 1.62 1.78 

8A 1.74 1.93 1.84 115 

88 Data from BA Data from BA '1.74 115 

9 1.46 1.72 1.57 1.52 1.57 1.06 

10 1.74 1.91 1.74 1.15 

11 1.44 1.94 1.69 1 06 

12 1.67 1.74 1.7 1.76 

Table 2.1 Differences in Calculated and Measured CTEs. 
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T he calcula ted and measured average CTEs are summarized in Tab le 2. 1. T he measured 

CTEs shown are the average CT Es over the temperature range, w hi ch are th e slope or the 

linea r least squares regressio n o f the strain versus temperature All valu es have been 

no rmalized by the CTE o f the compo nents. 
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Modu le 5 Heatsink CTE > Substrate CTE, Adhesive Rigid at Low T 
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Module 9 Heatsink CTE < Substrate CTE, Adhesive Compliant for All T 
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3. Statistical Evaluation of Test Resul ts 

Once the parametri c-accelera ted tes t is co mpleted, it is necessary to co mprehensively 

analyze the fa ilure data using rigorous stat isti cal analys is because of large scatter in the 

test data. Ln additi on, it is necessa ry to assess the effect of the cri ti cal variabl es on the 

accelerated test and how they affect the li fe of the electro ni cs device. Physics-o f-failu re 

methodology is co mbined with statisti cal eva luations to assess the influence of these 

criti cal va ri ables. 

3.1 Weibull Statistical Probability Distribution 

In typical engineering application; traditional reli ability analysis of electronics in vo lves 

assessment of the mean-time-to-fai lure (MTTF) and mea n-time-between-failure (MTB F) 

based on a constant fa il ure rate assuming an exponentially di stributed probability of 

fa ilure. Thi s model cannot captu re initial fa ilure free peri ods typical of wearo ut fai lures in 

electro ni c interconnects, and is usually based on empirical models fitt ed to fi eld data where 

the root causes of fa ilu res are ignored . In designing, quali fy ing o r strengthening a new 

prnduct or an existing product with new technologies, these models are sometimes 

inappropriate and misleading because they are not derived from or based on physics or 

mechani cs of real fail ure [ I OJ , and as such, they do not g ive us insight into or contro l over 

actual fa il ure mechani sms. J\ survey of commo nly occurring failure mechani sms reveals that 

power-law relationshi ps are more appropriate than exponential relationships fo r fo rm ulating 
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models. Lt is notewort hy that the Weibull distri bution was originally derived by assuming a 

power-law relationship fo r the hazard rate. For example, crack propagation fo r brittle 

material s according to the Griffi th Crack Theory relates the applied stress to the stress at the 

crack according to a power-law relationship (crm:1:x = kcr(Vr)05
, where I and r represent 

dimensions of the crack) [ I I l Miner' s Rule relates cumulati ve fatigue damage due to 11 

app lications of the applied stress by a power-law relationshi p (D = na", where b rep resents 

a materi al property) [ 12]. A similar power-l aw relatio nshi p is used in thi s study to model 

the accumulation of creep- fa tigue wearout damage in so lder jo in ts Pro bability of fa ilure 

is expressed by a three-parameter Weibull di stribution. 

The cumulative probability of failure, P(t), is defined as: 

k 
P(t) 

II + 
k = J ... II 

j' 

where k represents the failure number and n is the sample size. The experimentally 

obtained cumulati ve probab ili ty of fa ilu re represented with a three-parameter Weibul l 

di stri bution 

fo r I l o 

0 

3.2 

where to, B and 0 are the location, scale, and slope parameters, respectively The two 

parameter Weibul l assumes that the locati on parameter is zero , whi ch means that at a time 

corresponding to zero thermal cycles, the probabil ity of fa ilure is zero . It has been shown 

that the three-parameter Weibull has a hi gher correlatio n coeffi cient than the two 
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para meter Weibull or a Log-Normal dist ribution because of its ab ility to capture the initial 

fa ilure- free peri od [ l J ]. Note that when B = I and when to = 0, the Weibull di stribu tion 

red uces to the Exponential di stribution (constant haza rd rate) . Equation (2), fo rt > to, ca n 

be so lved fo r B explicitly as sho wn in Equati on (J .3) 

B ')-, 

.) . .) 

The numerator of Equation (3 .3) is the reduced vari ate y = log 1oln[ I - P(t)r1 , and the lead 

term of the denominator of Equation (3 .3) is the reduced variate x = log 10(t - to). When 

assumed to be non-zero, to must be adjusted so that the data will fall on a straight line 

when plotted against the reduced x and y va ri ates. The scale parameter, 0, is also termed 

the characteri stic life, which is the time when 63 .2% of the populati on will have failed . 

The slope parameter, B, is the slope of the best fit line when the data is plotted in terms of 

the reduced x and y variates [ 14]. 

The hazard rate, h(t), fo r a Weibull di stribu tion is defin ed as the probability density di vided 

by the reliability. 

h(t) 
dP( t ) 

---
Jt 1- P(t ) 

h(t) " B ( I - Lo f3 -' 
e e 

-f/ t - 10) / U/ 11 

e 3.4 

3.5 

The measured P(t) and h(t) help assess the fa ilure mechanisms and the acceleration transfo rms. 
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3.2 S tatistical Evaluation of Mechanism, S ite and M ode of Failure 

Cyc li c fatigue can induce damage in so lder joints by causing gra in boundary coarsening 

and sliding resul ting in vo id growth between the interfaces of the grain . Eventually, these 

vo ids either grow or coalesce resulting in so lder joint cracks whi ch create open circuits 

causing the circui t to ma lfunction. 

Two types of failures occurred while perfom1ing the accelerated test, which are identified and 

distin g:uished as fo llows Solder joint fa tigue failures are typically expected to occur first on 
::, 

larger components, where the shear stress due to the coefficient of thermal expansion mismatch 

between the substrate and the component is greatest. However, in th.is test the first fa ilures 

occurred in the smaller 32-pin LCCs very early, within 200 elapsed them1al cycles. Because 

these failures were detected at a very early stage of the testing, and on the smaller components, 

further investigation was necessary. Weibu ll hazard rate plots of these early failures, shown in 

Figure 3 .2, revealed that these failures fo llow a decreasing hazard rate, which is consistent with 

an infant mortality trend . Solder joint failures which occur due to accelerated testing arc not 

expected to fo llow an infant mortaLity failure trend . Instead they should show an increasing 

hazard rate, consistent with a wear-out fa ilure mechanism. 

The temperature and the time of each resistance spike is plotted against the thermal cycle to 

oain fu r1her insiaht into the mechanism of failure fo r each of the early failures As shown in 
0 0 

Figure 3 3, these early failures on the 32-pin LCCs always occurred during the transition from 

25 
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Figure 3.3. Wire-bond fa ilure plotted against 
thermal cycles. 

high to low temperature, and consistently occurred catastrophicall y, wi th a small time interval 

between the first and the fifteenth resistance spike on each circuit. Typically, in solder joint 

failure there is no such pattern regarding the part of the cycle where fa ilure will occur, and 
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there is a longer time gap between crack initiation and propagation to final failure According 

to frear et al. [ I 51 , wear-out mechanisms in solder joints include microstructural coarsening 

and deformations due to plastic flow and creep, fo llowed by crack initiation and growth, and 

crack propagation or coalescence through the solder joints [ 15]. Final wearout failure occurs 

when damage accumulates beyond the endurance threshold of the solder joint. The process of 

a crack evolving into an open circui t often takes several hours or several cycles of accelerated 

testing. The prematu re fai lure, the decreasing h:1zard rate, the fact that the failures on the 

smaller components consistently occurred during transition from high to low temperature, and 

the small interval of time between the fi rst and fifteenth resistance pikes all led to the 

conclusion that these were not solder joint fai lures . Failure root-cause analysis at 340 thermal 

cycles consisting of delidding and visual inspection under 30X magni fication cont-inned that 

these early fa ilures on the smaller components were wire-bond fa ilures. Since the target of this 

test program was solder joint fat igue, these wire-bonds were repaired and returned to test 

Fatigue failure of solder joints, as expected, began to occur later, beginning with the larger 

components first and then continuing on the smaller components. The two observed failure 

types are classified in Table 3. I . 

Failure Type 1 
Mode Change in resistance-open circuit 
Load Transition from high to low temperature 
Site Wire bonds on smaller 32-pin LCCs 
Mechanism Wire bond debonding due to shear stress 

Failure Tvpe 2 
Mode Change in res istance-open circuit 
Load Thermal cycl ing 
Site Solder joint fracture 
Mechanism Interaction between low-cycle fatigue and creep 

Table 3.1 Classification of wire-bond and solder joint failure. 
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3.3 Acceleration Transform Based on a Bayesian Approach 

The experimental data is analyzed using the Weibull statistical distribution described in 

Section 3. 1. The cycles to failure at a given percent probability of fai lu re are computed 

from the maximum-likelihood distribution parameters However, in order to measure the 

uncertainty in determining these parameters, a more rigorous statistical method is 

necessary. These parameters are evaluated using a Bayesian approach [ 16, I 7] 

The maximum likelihood estimates of the two parameter Weibull distribution provide the 

maximum-likelihood that when these parameters are used, the failure data will fall as 

closely as possible to the distribution within a degree of uncertainty This degree of 

uncertainty is of paramount importance when attempting to estimate fatigue life In many 

cases an investigator may blindly compute probability distributions without determining 

how accurately the di stributions fit the actual data. In these cases, outliers are eliminated 

from the failure data without sufficient justification. The Bayesian stati stical approach 

provides a systematic method for computing probability distributions and determiiling 

which data is contaminating the distributions. Failure analysis can then be used to confi rm 

if there is a aood reason for eliminating the outliers. 
0 

Th • i·keli·hood estimators have desirable properties for large sampl es and these e maximum- 1 · , 

· b e tJr·ec,·se as additi onal data becomes available . Therefore when estimators ecome mor 

· 1 - 1 ll arnple sizes as is true for thi s study, the uncertainty of the true using re ative y sma s · , 
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parameters becomes a major concern . Other techniques such as sample theo ry methods 

measu re the uncer1ain ty in terms of the sampling di stribution of the estimators of the 

parameters. Unfor1unately, when using sampling theory it is practi call y impossible to 

obtain the joint di stribution of the maximum-likelihood estimates fo r both of the Weibull 

parameters simultaneously. The Bayesian approach does provide a method to obtain 

confidence contours on both parameters of the Weibull di stribut ion. The confidence 

co ntours al so provide a quantitative method to recognize and eliminate outliers. Jn this 

study, prior knowledge of the distribu tion parameters is not assumed. Assuming no pri or 

kno wledge of the di st ribution parameters is a conservati ve approach However, in cases 

of relatively small sample size, existing data suggests a less conservative approach [1 8] 

The two-parameter Weibull di stribution fort > 0 is obtained from Equation 3 .2 as: 

-[r ! 0/ 6 

P(t) = J - ex p 3.G 

For thi s di stributi on, the mean time to fai lure (MTTF) is: 

MTTF=e r ( l + l l B) 3.7 

where r is the gamma functi on. 

The probabili ty density fo r the two-parameter Weibull di stribution is: 

J 
B n- 1 -/ r/ 0/ 0 

p(t) = -~ P(x )dx = ft t ex P 

There are n failu res from the populati on occurring at times X, , X2, X3 .Xn, and d samples 

have not fai led at the end of the test at time T. The joint probabil ity fo r n fa ilu res and cl 

censored data is proportional to the condi tional likelihood, P, of the data on the 

di stribution parameters P(Dataj0, B). 
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From Equation (3 .8) thi s reduces to : 

" [ " ]II I [ [ ]ll l l'(D a ta le , B) ex: :,II q x, exp -0
11 I d? . + ~ x, ). 10 

If we assume a prior probability density rc0 (0, B) the posterior density , 'IT, is 

:u 1 

The posterior density is normalized by the numeri cal integral of the posterior density by 

inte<Tratina 0 from zero to infinity. Fu1t her, if a co nstant prior density is assumed we aet · 0 0 
0 · 

n:(B \Data) ex: n:J; P(Da iale, B )d0 3. 12 

After some work, this becomes: 

3. 13 

Equation (3 . 13) is then normalized by the numeri cal integral of the right hand side. Thi s 

gives the marginal posterior density of the Weibull slope parameter, B. However, our 

goal is to obtain the posterior density of both parameters based on a constant prior 

density . This is obtained directly fro m Equation (3 • 10) by normalizing by the numeri ca l 

integral of til e right hand side of the equation to obtain : 

3. 14 

J f ~.:: TI X, e:q - 8
11 1 

d?' + 2, X , /Bd0 

P(0, B\Da ta) = [ ]ll-1 [ ]ll 
0 () IJ ~ O 0 I I 

I I 

A typ ical three dimensional plot or Equation (3 . 14) is shown in Figure 3 .4. The total 



vo lume und e r th e plot is equal to unity du e to th e no rm a lizati o n. T he a lgo rithm to 

co mpute co nfid ence co ntours a t any percent co nfid ence is g ive n in Appendi x F. 

T he ex perimental failure data is separated into twelve g ro ups based o n shear strain raiwe 
0 

i:J.y, e ·ti mated as [ ! 9]: 

T he fa ilu re data grouped acco rding to stra in range is g iven in Appendix E Confid ence 

contours a t o f 95%, 90%, 50%, and 5% for the twelve different g roups are shown in 

3. 15 

Appendix G. The maximum- likeliho od estimates of B and 0 occur at th e peak of Figure 

X 10-3 
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Figure 3.4 Three-Dimensional Weibull posterior Density 
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When the posterior parameter density pl ot is sharp, as shown in Figure 3 4 , there is good 

confidence in the ca lcu lated distribution parameters. When thi s pl ot is flat , there is little 

confidence in the parameters . This lack of' confidence is due lo small sample size, much of 

the data being censored, and the fact that a conservati ve flat prior distribution is assumed . 

All three of these effects are interrelated . As seen in Appendix G, the 95% confidence 

contour for Bat 2.60% strain can range from 2.0 to 9.0. Thi s shows that there is li tt le 

coni1dence in thi s calculati on for the maximum-likelihood estimate or B, but there is much 

confidence in the ca lcu lat ion fo r 0 Blindly fitting the Weibull distribution to the fa ilure 

data without exami ning the confidence on the distribution parameters may not have led to 

th is co nclusion. Similarly, the confidence contours on 0 fo r 3.20, 3.85, and 7.40% strain 

show that there is little confidence in the maximum-likelihood estimates of 0 fo r these 

strain levels. Based on these observations, these va lues of Band 0 are eliminated from the 

data as shown in Figure 3.5 

Now that the maximum-likelihood estimates of the di stribution parameters are determined 

at different strain levels, the final step in obtai ning a physics-o f-failure accelera ti on 

transform is to relate these parameters to the critical variables. The strain is re lated to 0 

by a power law relationship, and the strain is related to B by a linear regression . This 

fitting of the distribution parameters to the strain is shown in figure 3 .5 at the top using all 

of the di stribution parameters and in the bottom of Figure 3.5 the outli ers di scussed above 

are el iminated from the data . There is a dramat ic change in the resu lts when eliminating 

the outl iers from the data, and all of the uncontam inated data shows a consistent trend . 

:n 



Note that slope parameter, B, remains essentially consta nt when the outliers are 

eliminated. The time to fa ilu re based on X percent probability of fa il ure as a tirn ction of 

strain is compu ted using the fo ll owing relati on 

3. 16 

RearTanging Equation (3 . ! 6) and sim pli fying gives 

[ ]
1/ B 

N 1
(X'¾,) = 0- ln ( l - X%) 3. 17 

where 0 = 3 !. [ 95y-i.
09 17 

and B = 2.0 as shown in Figure 3.5 Note that 0 is dependent on strain. 

The reason fo r this dependence will be discussed in Section 4. I. 

Figure 3 .6 shows the acceleration transfo rm model based on the Bayesian sta tist ical 

approach as calculated from Equati on (3 . I 7). Note that this acceleration transfo rm model 

is based on strain and not temperature. The temperature can be back calculated from each 

strain level by Equ ation (3 . J 5). 
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4. Physics-of-Failure Evaluation of Test Results 

One of the goals of this study is to obtain qualitative assessment of the damage caused in the 

LCC so lder joint during thermal cycling. Another goal is to extract information regarding the 

acceleration transform from the test described in Section 2. To maximize the information 

e>..1racted from the experiment for more accurate acceleration transforms, the effect of cri tical 

variables (such as component size and module CTE) on the solder joint stresses is estimated 

from physics-of-failure models . In o rder to co rrectly evaluate any accelerated test, it is 

necessary not only to define the critical variables, but also to quantify the effect of these 

variables in laboratory as well as in the field conditions . The Bayesian statistical approach 

as it is presented in the previous section is used for eliminating the outliers from the fai lure 

data in order to achieve a more dependable database which can be used accurately with 

physics-of-failure models to obtain acceleration transforms By estimating the tota l shear 

strain and then de termining the dependence of the distribution parameters on the strain 

ranoe it is possible to obtain a hybrid analyt ical-empiri cal acceleration transform model 
o, 

based on the statistical evaluatio n of the empiri cal results . Alternatively, it is possible to 

obtain a purely analytical acceleration transform using only physics-of-failure modeling. In 

both situatio ns, the test data serves to verify the accuracy of the models o r modify the 

models fo r more accu rate acceleration transforms for 1uture studi es. 

A physics-of-failure model consists of two crucial parts, a stress analysis model and a 

damage model. The st ress analys is is used to compute the state or: stress at the fai lure site, 
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as a result of environmental loads In this example, we are interested in the hi story of 

mechanical stress and strain in the solder joint caused by the g lobal temperature changes 

Typically thi s invo lves so lving a boundary value which depends on the critical variables 

such as the differential thermal expansion, the size of the components, and the geometry of 

the so lder joint. The damage model relates the amount of stress to time to failure based 

o n each failure mechanism. 



4. l Physics-of-Failure Models Considered 

In thi s study two physics-of -failure models, namely the IPC model [ 19] and the CALCE 

energy partitioning model [25], are used to comparati vely evaluate the accelerated test 

results. The IPC model makes several simplify ing assumptions to enable closed fo rm 

stress analysis. The CALCE energy partitioning model requires more detail ed inputs which 

normally require nonl inear visco plasti c stress analysis. 

4.1.1 lPC Physics-of-Failure Model 

The fifteen modules are separated into five groups determined by CTE in order to obtain the 

acceleration transfon11S . All of the modules in each group have approximately the same CTE. 

In addition to the CTEs of the modules, an additional experimental parameter is the component 

size. The fai lure data is separated into 15 groups because there are three different component 

sizes and fi ve different calculated effective module CTEs. For simplicity, other variables such 

as solder joint geometry and temperature distribution are assumed to be nomjnally unifom, fo r 

all of the components . In addition, the thennal expansion coeffi cient is· assumed to be unifonn 

across each modu le. Due to the differential thermal expansion between the board and 

component, the magnitude of the stresses is different for each combinati on of module CTE and 

component size. Thus, there is a wealth of info rmation available from a single test. 

The influence of each critical variable on the stress ma,gnitude is modeled with simple closed-
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form stress analysis and combined with a single power-law damage model. The physics-of.­

failure model proposed by Engelmaier and recommended by IPC SM-785 [ I 9] for solder joint 

fatigue provides a first order approximation to estimate the thermal cycles to fai lure as a 

fimction of percent probability of failure. This model makes use of a modified Coffin-Manson 

low cycle fatigue equation [20] developed for more typical elastic-plastic engineering metals 

which relates strain range to time to failure by a power law. Because of the time dependent 

viscoplastic stress-relaxation and creep behavior of so lder, the Coffin-Manson equation 

requires modification to a more general relationship proposed by Morrow [2 I J Furthermore, 

based on empirical data [22], the fatigue ductility exponent is expressed as a fimction of 

temperature and time. This type of fimction al relationship is sometimes used as an attempt to 

quantify the effects of creep and stress relaxation on fatigue damage. The model for 

determining the cycles to fai lure, Nt; fo r leadless surface-mount solder joints undergoing 

accelerated thermal cycling is [ 19] 

4.1 

where the fatigue ductility exponent, c, is 

4.2 

and where 

Er fatigue ductility coefficient, 2£r= 0.65 fo r nea r-eutectic tin-lead so lder. 

F empirical "non-ideal" factor accounting fo r non-ideal solder joint geometry, larger 

so lder fi ll ets, Pb rich boundary layers, etc... For lead less chip carriers, I. 2 > F > 

0.7 . For this analysis F = I. 
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h solder joint height. h is the distance from the substrate to the bottom of a 

component, h = 6.5 mils in the present study. 

L<l maximum diagonal distance between solder joints for each component. 

t1a absolute difference in coefficients of thermal expansion of the ceramic components 

and the substrate. l'.1<X ranges from 0. 5 ppm/ °C to 5 ppm/ °C in this study. 

,1 T cyclic temperature swing, which can account for the internal heating of components 

due to power dissipation effects as well as external temperature variations. Because 

the components were not powered up, t1T = 145 °C in this study. 

Tsj mean cyclic solder joint temperature . Because the components were not powered up, 

thjs temperature is the average temperature due to the thennal cycle. T,j = 40 °c_ 

dwell time in minutes. Because more stress relaxation occurred durincr the lonoer 23 5 
b b · 

minute dwell at 90 °C as shown in Figure 3, tJ = 23 .5 minutes. 

B Weibull slope parameter. B = 4.0 fo r LCCs [23]. 

c for this study c = -0.4 17 from Equation 4.2. 

Equation (4. 1) combines a low-cycle fatigue model with si mplified stress analysis, and has been 

experimentally validated for temperatures greater than 20 °C. Note that the component size 

(Ld), the CTE rrusmatch between the PCB and the component (L1a), and the cyclic temperature 

range ( T) are all exp licit parameters in th is model , and hence their effects o n solder joint 

stresses can be quantitatively assessed . This stress analysis ignores the local CTE mjsmatch at 

the so lder pads on the substrate and the component, and assumes complete stress relaxation 

during the dwells at high as well as low temperatures. Due to the fact that the mean cyclic 



temperature and dwell time remain constant, the fatigue ductility exponent, c, remains 

constant for each combination of module and component. The cycles to failure for each 

combination of module and component is computed relative to an arbitrary reference 

configuration according to Equat ion ( 4. I) . 

4.3 

Equation (4 .3 ) relates the cycles to failure to an effective cyclic temperature range, '1Tctr 

wh ich wou ld cause failure if each combination of module and component had the same 

criti cal variables (Ld and 11a) as the reference configuration. The cycles to failure 

determined by the actual critical variables for each combination of module and component 

is equated with the cycles to fa ilure given by Equation (4.3). 

!_ F ( l,1 ) ref t-,, <Xre/ 6 T ejf ./2 = .!_ ( ~ ldD.ali Trest }; 

2 12c 1 
h 2 2£1 Ii 

Simplification and rearrangement gives: 

4.4 

Because the stress levels are different for each combination of compor1ent and module, the 

physics-of-failure model allows us to compute fifteen different values for ,1 T"ir from the ,1 T,cs,. 

In summary, Equation ( 4.4) is an expression of an effective cycl ic temperature range which 

would have produced failure in the reference configuration, in the san1e number of cycles 

observed on each configuration for the actual cycl ic temperature range used in the test. 

Equation ( 4.4) is used later in this study to compute acceleration transform using this physics-of-



fai lure model. This physics-of-failure model along with the experimental data is used to es timate the 

effect of the s ize of the components and module materials on the s tresses in the solder joints. When 

assess ing the effec t of the component s ize on th e s tresses, Equation ( 4 . I) is solved for each 

mod ule and ea.ch component at 50% probability o f failure Then, a. re ference module is chosen 

and the cycles to failure g iven by Equation (4 . 1) is used to normalize the failure da ta w ith 

respect to the reference modul e. The experimental data relative to the reference modul e is 

separated into three g roups determined by component s ize, and three-pa ra.m eter Weibull 

d istribu tions of the three different s ize components are shown in Fig ure 4 . I a as if th ey had been 

mo unted on the reference modul e This method of es ti matrng th e effect of th e s tresses is used, 

as opposed to lumping together a.J I of the failure data for each of th e component s izes 

regardl ess of the modul e on which they are mow1ted, because it e limina tes the influences o f the 

s tresses due to the diffe rent modul e materials on the s tati sti cal dis tributions. The re fe rence 

modul e for this s tudy is chosen to be a glass/polyimide s ubs trate with CIC foil s on an 

aluminum heats ink. In a s imilar manner, the effect of the substrate material, heatsink material, and 

adhesive used to attach the substrate to the heats ink on the stresses is assessed by normaliz ing the 

failure data relative to a. reference component (32-pin LCC in this example) and separating the 

experimental data mto five groups determmed by module CTE, as shown in F ig ure 4. I c. 

In order to qwmtify the effect of the CTE variation across the modules on the experimental res ults, 

the s tress levels for each component and module combination are determined rela ti ve to a reference 

config uration by us ing Equation ( 4. I), and the experimental data. is normalized with respect to these 

s tresses. The fai lure data is then separated into two groups determined by component placement on 

the PCB (center and edge). The center components ,u-e labeled 32-7, 32-8, 32-9, and 48-2 in fig ure 



2. I. By eliminating the effect of the module CTE :111d co111po11cnt size on the stresses, it is clear 

from Figure -i I b that d1e components located closer to the center of the module are less likely to fai l 

tJian the components ne:.u- d1e edge. Th is is due to d1e non-w1ifo rm1ty of CTE distribution discussed 

in Section 2.4 can affect the tr:msform since the phys ics-of-fa.ilure model assw11es that same size 

components on al l similar modules w1dergo similar fatigue due to the same differential thermal 

expansion regardless of the location of the components on d1e modules. 
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4. l.2 CALCE Energy Partitioning Damage Model 

As discussed in the previous section Engelmaier attempts to obtain a c losed form physics­

of-fai lure model by simplifi cation of the Manson-Coffin equation through relating the 

shear strain ampl itude to the fat igue life by a one term relationship . This relationship , 

although easy to app ly and quick to yie ld resu lts, includes assumptions which may not be 

completely acceptab le. A different damage model is proposed by Manson ct a l. [24], for 

creep-fatigue interactions . This model uses a strain range partitioning technique where 

creep and plastic strains are recorded separately and the damage due to each mechanism is 

evaluated independently. The total damage is the sum of the damage from the individual 

mechanisms. In fact , the strain range partitioning considers the damage due to (i) 

completely reversed plasticity, (ii) tensile plasticity reversed by compressive creep, (iii) 

tensile creep reversed by compressive plasticity, and (iv) completely reversed creep . Each 

of these components is related to damage by a Coffin Manson type power law and the 

total damage and thus the time to failure is determined by superposition. However, 

implementation of this damage model using finite element stress analysis requires 

maintainino- a state of constant stress during creep straining, w hi ch is difficult to simulate 
CJ 

in a CTE mismatch problem. 

An alternative to the strain-range partitioning app roach for separating the damage due to 

the different fatigue mechani sms is the CALCE energy pa11itioning damage model. [25] fn 

thi s proposed approach, the energy dissipated for each thermal cycle is partitioned into the 



elastic strain energy density, Uc, the plastic work density dissipated per cycle, WP, and the 

creep work density dissipated per cycle, We. Each of the components of energy is then 

related to time to fai lure by Coffi n-Manson type power laws as follows: 

4. 1 

where 

The fatigue constants Uco, b', Wpo, c ', W co, and cl ' are determined from experimental data 

taken from various investigators [26]. 

Fatigue Constants for Pb/Sn Solder 

b' -0 .18 

c' -0 .6 

d' -1 .16 

Ueo o. 698 Mpa/cycle"b' 

Wpo 165 Mpa/cycle"c' 

Wco 143 Mpa/cycle"d' 

Table 4.1 Fatigue Constants ([26] 1993) 

As shown in Table 4. 1, the fat igue constants and thus the time to fai lure can vary 

sinnificant ly dependina on the damage mechanism. The damage due to the elastic plastic 

b 
O 

, , 

and creep energy density di ssipated is De= 1/Nrc, Dp= IIN1;,, and De= l/Nrc, respectively 

The total damage , DT, is computed by using Miner 's postulate for superposition of 

damage 

L)7 = /)e + D P + De = N N N N + N N 
fe /JJ + Ji, .fi: f e .fc 

4.3 



T he energy terms U0 , Wp, and We are typica lly computed from visco pfasti c FEM analysis. 

T he cycles to failure fo r each mechani sm Nrc, N,j,, and Nrc are then o bta ined by using the 

fat igue co nstants g iven in Table 4. 1. The advantage of using thi s type of physics-of-fa ilure 

model over the IPC model is that (i) there a re no assumpti o ns abo ut the load hi story , o r 

the amo unt of stress relaxati o n, ( ii) damage due to the different mechani sms ( elas ti city, 

pl asti city, and creep) can be addressed separately instead o f lumping them into a sing le 

term, and (iii) the local and g lobal CT E mismatches can be addressed in a unified manner. 

T he advantage of energy pa11itioning over strain range partiti o ning is that the loads are 

easy to simulate since they are no t constant during the dwell s. T here is a wealth of 

experimental data from which the fati gue co nstants in Table 4 . I can be determined for 

each mechanism. 

-iG 



4.2. S t.-ess Analysis 

As discussed in Section 4. I , the C ALCE Energy Partitioning model requires a detailed 

viscop lastic FEM analysis. The detai ls of this stress analysis are presented here . 

4.2. l Constitutive models 

In order to model the viscoplastic response of solder, it is necessary to comprehensively 

evaluate the constitutive models which are used to simulate the materia l response using FEM. 

Plastic deformation, as defin ed in this s:udy, are "instantaneous" inelastic deformations which 

occur when the stress exceeds the yield stress. The constitutive model for the elastic-plastic 

response of solder is given by a power-law hardening Ramberg-Osgood model 

( )'", cr cr ' 
E=E +E = - + -

" P E K 
4.8 

where E is the equi valent mechanical strain, E is the elastic modulus, cr is the equivalent 

(von Mises) stress, K is the strength coeffi cient, and n" is the plastic strain hardening 

exponent. It is assumed that plasticity and creep are independent and therefore, the 

strength coeffi cient and strain hardening exponent should be independent of creep. [t is 

therefo re desirab le to obtain these materi al prope11ies from experiments conducted al hi gh 

strain rates such that they are unaffected by any creep mechanisms . The va lu es whi ch 

have been used in previous studies (K = 48.44 MPa and n" =- 0.0565 [25 ,26]) have been 

taken from experimental data ob tain ed at temperatures of 20 °C, at st rain ra tes of 



0 0021sec. At th is relatively low strain rate it is possible that creep may have allowed the 

stresses to relax, resulting in a flatter stress strain response and thus a low plastic 

exponent ln order to remedy thi s situat io n, experimenta l data at high strain rates is used 

to determine the plastic material prope11ies In additio n the yie ld stress is temperature 

dependent. The temperatu re dependent plastic material properties used in th is study are 

given in Table 4.2. T he experimenta l data along with the regressions to determine these 

material properties is shown in Appendix H. The plastic properties used in this study are 

taken from the experimental data at strain rates of O I /sec as shown in the last three rows 

of Tab le 4.2. 

Temp C cry MPa £ /sec KMPA nc 

-40 29.9 0.001 49.16 0.105 

-40 29.9 0.01 40.15 0.142 

-40 29.9 0.1 38.85 0.15 

20 29.1 0.1 40.27 0.057 

80 17.4 0.1 27. 76 0.066 

Table 4.2 Plastic Material Properties 

Creep, as defined in this study, is temperature-time dependent plastic defonnations which may 

occur even though the applied stress may be less than the yield strength. Stress relaxation 

occurs when the strain is held constant and viscous flow occurs. Since the dimensions are fixed 

due to the constant strain, the viscous flow allows the stress to be reduced or relaxed . Strictly 

speaking, creep and stress relaxation are defined by changes in different state variab les, 

however, they can be modeled to occur simultaneously 
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lt is now well established that steady state creep deformation of 111etals can be expressed 

by the general Dorn Equation 

--=A - -t .. kT (cr)''( b )' 
/Jµb µ d 

4.9 

where Ee is the creep strain rate, D the diffusion coefficient, µ the shear modulus b the 
' 

Burger' s vector, d the grain size (or interphase spacing), CJ the app li ed stress (usually 

shear), k is Boltzrnan 's constant, and A, nc and pare material constants . The diffusion 

coefficient is given by an Arrhenius equation: 

,\ JI 

D= D e - kT 
0 

4 10 

The diffusion coefficient, activation energy, and the creep exponent, nc depend on the 

controlling mechanism : grain boundary diffusion, grain boundary sliding, and matrix creep 

due to bulk diffusion. The mechanism which dominates depends on the temperature and 

stress level. Shine and Fox [27] have illustrated that there is little correlat ion between 

fatigue life due to creep damage and grain boundary creep. In addition, grain boundary 

creep dominates at high stresses (> 20 MPa), and is not considered in this study. 

In order to simplify the analysis method, Equations 4.9 and 4. 10 can be combined and 

simplified to give a Weertman steady state model: 

£ = E (J
11'e{'.~n 

C f) 
4 . II 

At any constant temperature experimental data of Ee versus ap plied shear stres provides 

-{L\/1 ) 
nc and £

0
e Tr by power- law regression . The test temperature and the act ivation energy 
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for the c reep mechani sm enable cal cul a ti o n o f Eo Ano the r g ro up o f investig ato rs use a 

No rto n equat io n to express the creep stra in rate in w hi ch the coeffi c ient and expo nent are 

temperature depend ent. [29] 

4. 12 

Investigator Shine [27] Conrad (28 Temp. Deg C A %/hr*Mpa"n nc Shi ra tori [29] 

Eo /sec*Mpa"n 2.56E-01 6 .70E+01 0 3. 57E-10 5.6 

nc 6 .3 4.3 25 1.98E-08 4.7 

L1 H/k 8165 .2 81 65.2 50 6.42E-07 3.9 
100 7 04E-05 3 

Table 4.3 Creep Material Properties from Several Investigators 

Figure 4 . 3 shows creep strain rate versus temperature at stresses of 200, '.2000, and 5000 

psi ( 1.379, 13.79, and 34.48 l\1Pa) respectively, us ing the creep material properties g iven 

in Tabl e 4.3. It is no tewo rthy that the creep res po nse can change d ras tica lly depending o n 

w hi ch expe rimental pro perties are used fo r the analysis . T h.is effectively illustrate how 

diffe rences in FEM resul ts can change fro m study to study depend ing o n the constituti ve 

model. Care must be taken to ensure that the FEM results, based o n w l1ichever 

co nstituti ve model is chosen, represent the physical respo nse o f the system. Fo r this 

study, each o f the consti tutive model s was evalu ated using finit e elements, and based on 

the mo no to nic results, the creep properties repo rted by Shine [27] a re chosen. 
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Figure 4.3 Creep Strain Rate versus Temperature at Different Stress Levels 1.00E+01 -
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4.2.2 FEM Modeling 

[n order to fac ili tate the complex numerical calculati o ns in volved in the stress analys is, the 

geometry is modeled approximately as two dimensio nal plane stress . T hi s is recognized to 

be an assumption, since the loads and the material responses are three-d imensio nal in 

natu re, with the stress dis tri butio n in the fi llet regio n consist ing of combined no rmal, 

bending, and shear stress w hich varies throughout the thi ckness . T he so lder jo ints of the 

LCCs tested as described in Secti o n 2 a re examined in detail to accurately model the 

solder j o int profi le . It is widely understood that the shape of the so lder j o int greatly 

affec ts the fatig ue li fe, and the IPC model, in an attempt to acco unt fo r thi s variab ili ty 

includes a fi ll e t thickness fac tor (F) which can range fro m l. 2 to 0 .7 for LCCs. [23 ] T he 

geometry is generated using Patran 3 commercial finite element software, and the 

nonlinear numeri cal analysis is conducted using Abaqus 5. The geometry is desc ri bed in 

Appendix f. 

All materials except solder are treated as linear elas ti c . The dimensio ns and material 

pro pe11ies are given in Appendix I. The FEM mesh is generated using 4 noded 

quadrilateral generalized plane stress elements which have two di sp lacement degrees of 

freedom per node . Symmetri c boundary conditi o ns are applied alo ng the center o f the 

compo nent. The bottom of the substrate is constrained in the thickness directio n to 

prevent board warpage. The thermal loads w hi ch co rrespond to those encountered during 

the accelerated tes t are applied to the st ru ctu re in a piecewise incremental fas hi o n. In 
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order to eva luate the effect of creep during the temperature loading and unloading, the 

analysis is carried o ut as fo llows: 

1. A small temperature change is applied to the st ructure (2 "C for this study) and an 

elastic-p last ic analys is is conducted. 

2 . T he elasti c-p lastic analysis is fo ll owed by a creep analys is with a dwell equal to the 

time taken fo r the temperature change of the previous step . Fo r example, w hen the ramp 

rates are I O °C/min and each step consists of a 2 °C temperature change, the time for each 

step is l 2 seconds. 

3. The creep analysis is performed at the upper and lower dwell temperatures for times 

corresponding to those encountered during the accelerated test [29] 

[n reality, creep occurs at all times during the loading and unl oad ing , not just o nce every 

12 seconds. It is postulated that if this analysis were to be perfo rmed using smaller 

temperature increments, the stresses would decrease, w hile the creep strains wo uld 

increase accordingly. However, the area und er the hysteresis plot co rresponding to creep 

would converge to a sing le value. This approximation remains valid because the useful 

parameter is the creep work dissipated in the energy partitioning mode l. T hi s 

approximation would present problems when using the strain range pa11itioning model. 

T hi s analysis is conducted for two thermal cycles to eliminate the effects of ratcheting and 

th ermal shakedown. The calculations for strain energy, plastic work, and c reep work 

densities are done using stress-strain histori es reco rded during seco nd thermal cycle . It is 

noteworthy that so me previous studi es whi ch have used the CALCE energy partitioning 
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model igno red the creep during the temperature ramps [25 , 26 , 3 1 l T his app rox imation 

can have a signifi cant impact on the resul ts, as shown in Sectio n 4 2 .3. 

fn order to determine the effect of mesh size on the FEM resul ts, a fine and coarse mes h 

are eva luated . The fi rst mesh contains 1337 elements and 1426 nodes, and the second 

mesh contains 269 elements and 3 14 nodes. Conto ur plots are generated after a J 0 c 

elast ic plastic step. T he maximum stress in bo th cases occurs at the e lement located at the 

heel of th e so lder joint und er the component. In fact, so lder joint cracks for LCCs 

typically begin at the heel and propagate parallel to the underside of the component, then 

proceed at a 45° ang le through the fi ll et thi ckness. [9] T he maximu m stress at thi s element 

fo r both meshes diffe rs by less than I%. T hi s small diffe rence w hen considering the 

drasti c differences in the number of elements fo r each mesh is not surprisi ng when 

realiz ing that the coarser mesh was optimized such that the size of the critical element is as 

close as possi ble to the size of that element in the fi ner mesh, w hile all owing the o th er 

elements to become larger. T hi s type of convergence study is desirab le, beca use it all ows 

the in vestigato r to obtain the same results with the coarser mesh whil e saving 

computatio nal time. T he computati o nal time for fin er meshes w hil e do ing no nlinear 

analyses can be tw ice as long, which becomes more important when the analys is is 

perfo rmed several times. 
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4.2.3 FEM Results 

As stated earli er, the there are some assumptions and limitations when using a 2-D stress 

analysis to represent a 3-D mechanical system. The fact that the shear stress distribution 

changes through the thickness of the fill et of the solder joint does not greatly effect the 

results, however, because the criti cal location occurs at the heel of the so lder joint. Three­

dimensional finite element analyses [9] have shown that the maximum stress occurs at a 

cross secti on taken about the center of the solder joint at the heel, which is the same 

locat ion that is analyzed in this study. 

Hysteresis plots of the critical element are partitioned into their elast ic, plastic, and creep 

components as discussed in Secti on 4. I .2 . These hysteresis plots, as shown in Figure 4.4 

show how the combined effect of the size of the component and the di ffere nti al thermal 

expansion affect the stress-strain curve, and thus the energy associated with the hysteresis 

loop . 

The effect of allowing creep during the loading as opposed to all owing creep during only 

the dwells is summarized as follows: 

1. The beg inning of the dwell for the first thermal cycle (labeled "b-c") shows that a large 

portion of the creep strains occur during that dwell. During the second thermal cycle, 

after ratcheting and thermal shakedown, th e majority of the creep strai ns occur during 

the temperature loading, while only a small port ions of the creep strains for that cycle 

occur durino the dwell. This illustra tes the sig ni ficance of both eliminating the thermal 
0 
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shakedown fro m the fir st th ermal cycle, and mo re i111 po1-ta11tly the creep damage w hi ch 

occurs during the loading. These results suggest that if the ramp ra tes a re slow 

eno ug h, the impo rtance o f the dwell is minimal fo r fa tig ue damage. 

2. ln previous studi es, th e creep stra in was not considered during the load ing w hi ch 

un derestimates the strains and overestimates the stresses. ln ad diti o n, no t considering 

the stress relaxa ti o n due to creep during the loading causes the porti o n o f creep strai n 

to become interchanged with plasti c strains. As th e damage model implies, 

erro neo usly shifting the fa ilure mechani sm can lead to poo r life est imati o ns. 

3 . During th e tem perature unloading, at relatively hig h te mperatures, if the creep 

behavio r is no t considered, the creep strains o nce again are sig nifi cantly 

und erestimated . 

4 . Al most no creep damage occurs at th e low temperature dwell. 

The fac t that a low portio n o f the to tal creep strains occur during the hig h temperature 

dwell is an important observation when co nsidering that accelerated tests are o ft. en 

perfo rmed w ith extended dwell times in o rder to maximize the stress re laxa ti o n. Instead, 

the goa l should be to optimize the damage whil e minimizing the tes t time. Engelmaier 

suggests that in app lying hi s model to an accelerated test, the high temperature dwell be 

condu cted fo r at leas t o ne hour fo r th e stresses to relax completely Thi s study shows 

rather effectively that the maj o ri ty o f the creep damage can be induced within a few 

minutes o f the hig h temperature dwell. 
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At relatively low temperatures, as the creep constitutive model dictates, less stress 

re laxation can occur even w hen co nsidering creep during the unloading . The stress 

eventually exceeds the temperature dependent yield stress and plastic strains occur. 

However, during the low temperature dwel l, the creep strains are very small. 1 hi s is 

exp lained by the fact that the creep strain rate as shown in Figure 4 .3 at low temperatures 

and high stresses (5000 psi, 34 MPa) is on the order of l o-7/sec. W hen multiplied by the 

to tal low temperature dwel l time, the creep strains during the dwell are negligible It is a 

common practice fo r simplicity that the dwell time at the low temperature is chosen to be 

equal to the dwell time at the hig h temperature. However, the hig h costs w hi ch can be 

incurred by maintaining low temperatures in the test chamber fo r longer dwell times 

canno t be just ified. This explains why a relatively short dwell time, in w hi ch the mai n goal 

is to all ow the solder to reach thermal equilibrium, is chosen for th is study, and is highly 

recommend ed fo r future accelerated tests. 

Ld.1CX 1 OE Ue Wp We 

6 mils/C (MPA) (MPA) (MPA) Nte Ntp Ntc Nt 

5372 0.0034 0.0668 0.2043 6.57E+12 4.54E+05 282.8 282.6 

4902 0.0034 0.0687 0.1857 6.57E+12 4.33E+05 307.0 306.7 

4257 0.0034 0.0651 0.1669 6.57E+12 4.74E+05 336.6 336.4 

3707 0.0035 0.061 4 0.1574 5.59E+12 5.22E+05 354.1 353.8 

3166 0.0036 0.0602 0.1385 4.78E+12 5.40E+05 395.4 395 .1 

2592 0.0037 0.0599 0.1048 4.11E+12 5.44E+05 502.8 502.3 

Table 4.4 Fatigue Life from FEM Analysis and Energy Partitioning Model. 

The fat ig ue life is calculated using the energy partitioning method based o n the previously 

obtained fat ig ue constants, as shown in Tab le 4.4 . Note that as the di splacement (and thus 

the creep work di ssipated) in creases by about a facto r of two, the li fe decreases by a factor 
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of two. This relationship is seen because the majority of the damage is due to the creep 

strains, and the Energy Partitioning fatigue constants fo r creep use a Coffin-Manson slope 

of ap proximately - 1.0, which suggests fatigue life is approximately linea rly related to creep 

work. However, the experimental failure data for this test suggests that the Coffin-Mason 

slope should be fl atter. rt stands to reason that if the damage model is g iving poor fatigue 

life est imations for an accelerated test, this di screpancy will be magnified fo r fat igue life 

estimations in the fi eld , where the stresses and the proportions of damage due to the 

different mechanisms changes. Thus the model constants are updated in the next secti on 

to improve accuracy of the prediction 
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4.3 Energy Partitioning Update 

The constitutive model and method of ana lysis are continuously being modified and 

improved as we increase our understanding of the actual damage mechanisms, the physical 

parameters wh ich contribute to the damage mechanisms and how that damage relates to 

useful life. ln additi o n, the damage model which ultimately relates the damage to fatigue 

life estimation must be refined . As stated earlier, the fatigue constants do not match the 

experimental resu lts, and therefore wil l not match the field results . f n order to obtain 

better predictions, the experimental data along with the FEM resu lts are used to improve 

the damage model. 

In order to correctly evaluate the fat igue constants, we once again refer to Solomons [30], 

data for mechanical cycl ing of eutectic so lder at different temperatures So lomon provides 

Coffin-Manson fat ig ue curves for plastic strain versus fatigue life at low temperature (-50 

°C), where the creep strains are assumed to be negligible. This data at 50% load drop 

provides the fo ll owing relationship: 

ti. - c _ 0 )8 

£ P - ti.£ N ii ⇒ '1£ - 0.3NliP 
p o p JJ 

4. 13 

However, the goal is to relate the damage in the strain domain to the energy domain . 

There is a unique relationship between strain and energy based on the constitutive model. 

The exponents are related by the following[25]: 

c '= ( I + n ,, )c = ( I + 0.14 )(-0.38) = - 0.43 
4. 14 
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The next task is to relate '1Epo to Wpo- This is done quite simply by evaluat ing the 

fo ll owing integral: 

/\Jc ,0 

w,,u = 2 Gd£ 
/I 

() 

4. 15 

From the Rambern-Osaood plastic model at low temperature and hi o-h strain rate we aet· 
::::, ::::, 

::::, ::::, . 

l\f1· ,a 

W = 2 KE "rc/r., 
po p p 

4. 16 

() 

2Kf..£ " p "
1 

W ,,o = po = I 4. 7 
n,, + l 

4 . 17 

Note that the plastic fatigue constants, Wpo and c' listed in Table 4. I are incorrect in part 

due to typographical errors in [JO]. The next goal is to reevaluate the creep fatigue 

constants relative to the new plastic fatigue constants, the experimental failure data and 

the FEM simulations of the damage due to the accelerated test environment. The strain 

energy, plastic, and creep work dissipated is determined from the FEM analysis at 

different values of Ld'1.a., therefore, it is necessary to evaluate the functional dependence 

of the experimental data to Lc1'1a.. The experimental data at different values of L<1'1.CX. is 

plotted thermal cycles to failure. The outliers are eliminated from the experimental data 

using the operational Bayesian method as described in Section 3. 3. A power law 

regression is performed on the experimental data as shown in Figure 4. 5 to obtain the 

following relationship between Lc1'1.CX. and cycles to failure due to the total ( elastic, plastic, 

and creep) damage: 

f..aLJ = 42200N
1

-038 
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In o rde r to eva luate the damage due to the creep , the elasti c and plasti c damage is 

subtracted from the total damage: 

I) . = I) - I) - JJ wh er e I) = I I N 1 .. IOI e p ~ 1 i 
-t..19 

Us ing Equation (4 . 18) and the strain energy and plasti c work from the FEM anal ys is alo ng 

with the new plasti c fat igue constants g ives : 

4.20 

Fina ll y, W c at different va lues of Lc1~CX is plotted aga inst Nrc ( I/De) to ob ta in the upd ated 

creep co nstants (d '=-0.4, and Wcu = 1.8 MPa/ cycle"). The updated Energy Partitioning 

fatigue constants are shown in Table 4 .6, and the strain energy and work densi ti es versus 

fatigue life using these constants is shown in Figure 4 . 7. FEM ana lyses using these new 

fati g ue constants will match the ex perimental results for thi s study, and therefore can be 

cons id ered to be more accurate fo r extrapolations to fi e ld conditions. 
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Figure 4. 5 LctL'-.O: versus Nr from Experimental Data at 50% Probability of Failure 
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4.4 Physics-of- Failure Acceleration Transforms 

T he acceleration transform is computed from the measured materia l responses by 

sepa rat ing the fa ilure data into fifteen gro ups acco rding to component size, component 

locatio n, and module o n which the component is placed . Each component in each of the 

groups has the same differential thermal expansion. 

Acceleratio n transfo rms are computed using Eq uat io n (4.4) and are shown in Figure 4 .8 . 

Each value for 6 Tcir is plo tted against the cycles to failure for a g iven probability of failure, as 

determined from the three-parameter Weibull distributions of the corresponding experimental 

failure data with the outliers eliminated using the operational Bayesian method . The 

acceleration transform fo r the reference configuration at 50% probability of failure is shown in 

Figure 4 .8 The fitting of the 6 T& versus experimental cycles to failure is done according to a 

power-law relationship ( Ten= aNrh). For this study, the reference configu rat ion has been 

chosen to be a 68-pin component on a substrate consisting of a glass/polyimide laminate with 

copper-invar-copper (CIC) foils for constraining the CTE. The substrate is mounted on an 

aluminum heatsink. Figure 4 . 8 also shows the theoretically predicted acceleration transfom1 

according to the physics-of-failure model given in Equation (4. 1 ). Similar plots al 5%, I 0%, 

and 25% probability of failure are shown in Appendix N. 

The data is rig ht censored, meaning that some of the specimens in each populati on have not 

failed . The censoring of the data is implicitly taken care or' in the accelerat ion transfom1 
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because the Weibull distributions used to compute the measured thermal cycles at each percent 

probabili ty of fc'li lure makes use of the censored data. Additional plots can be generated by this 

method fo r any reference combination of component size and module material at different 

probabilities of fai lure 

There is clearly some disagreement between the expe1imentally obtained acceleration plots and 

the analytical prediction The differences can be attributed partially to the limitations and 

assumptions of the physics-of-failure model used in this study, and partially to the limi tations of 

the test methods. 

The fPC SM-785 physics-of-failure model includes assumptions and fat igue properties which 

are not valid at the temperatures and dwell times encountered during this accelerated test. 

Since this model is recommended for use only above the temperature of 20 °C and dwell times 

of at least l hour, it is not well suited for accelerated testing outside these specifications. 

Fortunately, Equation (4.4) which is used to compute the experimental acceleration transfonn 

is independent of the fatigue properties proposed by the physics-of-fai lure model. In this paper, 

this model is used only fo r illustrating the method of extracting acceleration transform data 

&om a single test. As discussed by Engelmaier, the strain range accompanied by creep and 

stress relaxation can be significantly overestimated in thi s model, and thus the fatigue life is 

Underestimated. Therefore, the model provides a lower bound fo r reliabi lity estimates [23]. 

This is increasingly evident in Appendix N as the range of the temperature cycle increases. The 

monotonic increase of the deviation between the experimental acceleration transform and this 
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physics-of-failure model is seen to increase with increasing probability of failure . This suggests 

that the slope parameter, B = 4.0, recommended in [23] is probably inaccurate The 

experimental data for this test gives a different value for B (2.0), and as a result, the 

disagreement between the experiment and the model is seen to increase with increasing 

probability of failure. ln fact, a survey of other experimental data suggests values much lower 

than 4 .0 for the slope parameter. Clech reports a slope parameter of2.2 for LCCs. [ 13] 

A nominally uniform solder joint geometry is assumed in this study for simplicity rt is clear 

from Equation ( 4 I) that the model is strongly dependent on the height of the solder joint. 

TyPically, solder joint height changes from module-to-module due to the manufacturing 

processes, and this variability has been considered to be included in the slope parameter in this 

study, creating additional sources of inaccuracy. Auther, the amount of intermetaJics fanned 

in each solder joint is dependent on the bond pad surface quality, plating (if any), location on 

modu le, and component size (thennal inertia). These manufacturing variabilities affecting bond 

Integrity have also been ignored in the present illustrative example. 

In addition to the assumptions about the solder joints, it is assumed that the CTE distribution is 

llnifo1111 across each module and that it is single valued throughout the temperature range. In 

' 

fact, the edge effects due to delamination and damage due to repeated thennal cycling can 

contaminate the failure data as demonstrated in Sections 3.3 and 4. 1. 1. The assumption that 

the CTEs can be represented by a single value for the entire temperature range is also not 

completely valid as shown by the CTE measurements 
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T he acce lera ti o n transfo rm us ing th e ca lculated and measured CTEs are sho wn in Fig ure 

4 . 8 No te tha t the effect of the calculated CT Es changes the accelerati o n transfo rm 

d ramati cally, especially a t lower va lu es o f ~ Tcir L ife predi c ti ons using th e ca lcul ated 

CT Es may lead to erro neo us conc lusio ns, and the goal of the accelerati o n tra nsfo rm is to 

accu ra te ly dete rmine the t ime to fa ilure at lo wer temperature ranges such as those 

enco unt ered in an o perat io nal environment. T hi s demo nstrat es the sig nificance o f 

accurate experim enta l measurements in o rd er to evaluate th e criti cal va ri ab les. 
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5. Conclusions And Discuss ions 

T his research has illustrated that physics-of-failure models and statistical approaches can be 

used in conjunctio n with accelerated test da ta to quan tify damage caused in LCC solder join ts 

duri ng temperature cycl ing and extract acceleration transfo nn info rmation fro m a single test on 

a we/I -desig ned sample. f w1her, we can determine the effect of component size, module 

material, and locatio n of the component on the stresses. Such techniqu es are essential fo r cost 

effective, timely tes ting of highly reliable modules under accelerated stresses. However, all 

sources o f experimental errors and analytical errors due to assumptions in the mode/ must be 

monito red closely. Furthennore, these eITors must be minimized to create more accura te 

acceleration transforms and provide quantita tive data based on the critical variabi lities. 

The methodology is illustra ted fo r solder joint fa tigue failures on surface-mount p1i nted circuit 

board modules under them1al cycling; however, the techniques are genera/ enough to be 

applied to a very broad range of accelerated tests using physics-of- fai lure models to evaluate 

the tests and proactively eng ineer the product There are several areas fo r improving the 

agreement between the semi-analytical models and experimental results. The effect of the non­

unifo nnity o f the CTE distributions in the modules is addressed, and the change in the 

accelerat ion transfo rm based on calculated versus measured material responses is determined. 

The difre rence in the acceleration tra nsfom1 models depending on how the data is analyzed 

suggests that it is necessa ry to carefully measure the cri tical variables, val idate all as urnptions 

in the models, and systematically analyze the data searching fo r outliers which cannot be 
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physically explained based on ou r evaluatio n method in order to obtain accurate acceleration 

transfom1 in format ion Bayesian statistics provide a systemati c method to determine the 

maximum-likelihood est imates of the Weibull distribution parameters and confidence on these 

estimates Altho ugh this method is numerically more difficult, it is more sophisticated and 

provides a finer analysis than sequentially examining the data. By judiciously eliminating the 

contaminated data from the population it is possible to obtain more accurate relationships 

between the distribution parameters, and ul ti mately the time to failure, and the critical variab les 

in order to obta in the accelerat ion transform. However, a less conservative cho ice of a prior 

distribution shou ld be used in future analyses. T he solder fatigue data from the literature and 

the results of this study can be used in fi.iture analyses to obtain more accurate prior distribution 

info rmation and update the physics-of-failure models to obtain more accurate acceleration 

transforms Experimental data confirms (as observed by other researchers) that the LPC model 

(i) is too conservative under accelerated stress condi tio ns encountered in this study, (ii) 

overpredicts the Weibull slope parameter by a factor of two. 

Two difte rent physics-of-failure models have been used to obtai n quantitative insights into this 

problem The physics-of-fai lure FEM modeling performed in this study leads to several 

rmporiant conclu sio ns : 

1 • The st ress analysis in the [PC model is too simpli stic to capture complex effects such as 

multiaxiality and nonunifonnity of stress fi elds, incomplete st ress relaxa tio n, and loca l CTE 

mismatches. 

2 Creep damage dominates whi le elastic and plastic damage are negligible, for the cases 
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examined . This explains why models based on to ta l energy have work ed reaso nably well. 

However fo r low temperature behavior, as well as co mbined temperature and vibrational 

loading, the energy pa1iitioning method may still provide an advantage. 

3 . Ratcheting and shakedown is followed by a stable hysteresis loop within a few themial 

cycles for the cases examined. 

➔ Most of the creep damage occurs during the temperature loading and unloading for the 

ramp rate ( l O °C/min.) used in this study. There is ve1y little additional damage done during 

the hig h temperature dwell, and there is almost no damage do ne at the low temperature dwell 

Reductio n of dwell times is an effective way to reduce testing time when tes ting fo r solder 

fatigue . Decisio ns to reduce dwell times should also include considerations of ti me needed to 

achieve thermal equ ilibrium and the influence of dwell times on other potential fai lure 

mechani sms. 

5. At IO °C/min . ramp rate, creep relaxation causes the maxjmum stress to be approximately 

the same for all of the cases exami ned regardless of the magnitude of loading (2592 < Ldt.a: < 

53 72 X I 0-6 mils/ °C, ,1 T = 145 °C, T 0 = 40 °C). This leads to an almost one-to-one 

con-espondence between total strain range and energy (mostly creep) associated with th e 

hysteresis loop . This explains why strain-based fatigu e models work reasonably well for 

leadless solder j o ints However, thi s may not be true for leaded components and different 

loading rates. 

6 . This study has provided the data necessa1y to provide a significant update and 

improvement to the CALCE energy partitioning creep fat igue damage constants 
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6. Contributions 

T hi s research provides an exampl e of using phys ics-o f -failure methodology to co mbine 

test data w it h sta ti sti cs and analyt ical-empirica l models to obtai n qua ntitat ive da mage 

metrics and accelera ti o n t ransfo rm s 

T he resul ts fro m the accelerated test illu stra te the importance o f accura tely modeling 

loads, c ritical variabl es, a nd co nst ituti ve pro perti es of the materia ls to ob ta in valuab le 

info rmat io n to quanti fy these tes ts. 

T he meth od analys is o f is improved and th e co nstituti ve model fo r eu tectic tin- lead so lder 

is refin ed . The CALCE energy partitioning damage mod el is updated and improved fo r 

eutecti c so lder. 

An analytical predictive ability based on this type of physics-of-failure evaluation fo r 

accelerated tests will obviously result in significant savings of cost and time and provide 

valuable info nnation du1ing qualification, reliabili ty enhancement, o r screening tests. 
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Group 2 CIC Core 

.~?u~~s 4A, 48 Cent~r C~mpo~_: nts~48-3..: L.~~2-7,8 ,9 , 

i:-ailure fl Channel Thermal Board Side Component First 

/Group Number Cy cle Number Name fail 

~--7--"-----z7s-~-0Fi=. 2 6 §~"'""'4s"'~---~-f"'26§---

2 143 ·-·-·-· .. -·"'j43·---·-······-4A A LCC 68 - 1 343--·-

3 191 ······--···· 435 _453 48 8 LCC68- 1 435 

·--·-··--··4· ····-··-············· 1 6 o ····-··········· 4 s 5 .. - ·,fi:i'( ............ 4A .. ·············s···········-i::cc .. 6a·~-i-···4'a°s .... .. 

... ·-····. 5 ··-········ ........ T1Ef-................. 4 9 5 ................. -4:;;_-··········-A··· .. · .. ···-c cc .. Ga--·~··2-··-,fg·s--···· 

6 144 852 - 855 4A A LCC 68 - 2 855 Center 

7 192 870 - 879 48 B LCC 68 - 2 879 Edge 

~::::::::::::r~~~::~:~:::~ff~::::~~~~:~:~::]Jf :::::~::=:::=~~:~:~:::::=r:~~::::(~~3f ~:[~~:I1.~~~= Edge 

__ 2_ 172 719 48 A LCC 48 - 1 719 Edge 

..... 1 ··-- 1.30 _ 347.- 36 9·--····· .. 4A ......... A_. LCC 32 - 1 ...... 347_ .. _E dge 

............. 2 - ········-·····--1·34_ .............. 4 71 .. -. 4 76··--·-··· 4A ·····-.. - ·A _._.LCC 32 :.5 ..... 4 71 ...... Edge 

3 135 500 ____ 48 __ A ... LCC. 32_- 6 500 ... Edge 

···-·-·4 --·····-·----f 79··~-.. 619 & .. 620 48 8 LCC 32 - 2 61 9 Edge 

5 1 87 666 48 B LCC 32 - 1 0 666 Edge 

6 162 --··· 742 &_743 __ ._ .. 48 __ ...... A _.LCC_32 - 1 ...... 74 2 ___ Edge 

........... ..!. ....................... ~.~? ................ !.?..9. .. : .. ?..?.~ .............. i.§ .............. § ........... ~.S:~.} ~ .. ~ .. ? ........ ?..?.~ ...... Edge 

8 133 893 -894 4A A LCC 32 - 4 89 3 

.. - 9 ........ 167 ·---1·001 & 100 2--- 48 A LCC 32 - 6 1601· 

Group 3 Kevlar 

M od. 8A,8 8 ,9, 10, 11 Center Components LCC48-3, Lc c 32 .. 7 8 9 

"f~"i 1 u'~ e i""c h a ;;:~·~-y-~-;:;;;::;;;;;'.'i 3·;·;;_-;;-r--~ S i c~f~""'c';'~·P,~~7i~t~Fi~--;,~t 

/Group Number Cycle Number Na me fail 

..... ~ ..... .. 1 " 335 ·:n30 1'0 A LCC 68 - 1 460 

2 ······················ 3 51 ·················50 9. -. 51 · 1 ·····--······ 1 0 ·····--···--···s ........... LC c ··6a··~·T ······sog" ... . 

3 336 634 · 636 10 - A LCC 68 - 2 634 -··· 

···-····· ... J ... .................. 1:; .. -................. ;ir ····· ... · .. ··· .... H .............. l-····-- ~gg .. ~!··~·; ······ ;:I··-· 
- ·· 6 -·····-···-- 4 15 --~;~··s·· .. ?·~ .. 7·)··::-~::--- 8A ·-·--·---a LCC 68 - 2--·604 ·-­

=604 - 606 

• Were not Plotted in Histograms. Possible W ire Bond Failures. 

Modules BA , 88 we re added after other 

Boa rds have comple ted 34 1 therma l cycles 
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Group 4 AI/S iC Core 

Modul e 12 Cente r Co mponents LCC48-3, LCC32-7.8, 9 

·r-::;-rr~-;--~-----i:"'c:'i;';';:;~; el T !1 e r 1n c1 L no. i rd side . . ·,0o mpo nan t L' i rs t: 

"""(..g-:~f-~:P~-----~~-~~~-~-~--567~~~1~~26""N ul2 be "--,w B "'"'"'Lc~a; 2e - i' 
1
~~~!_ 

::-J::;;tlttlftf~iif Ii ! ~~i!j Iii) 
• W e re not Plo tted in His togra ms. Possible Wire Bond Fa ilures. 

Module 12 was a dded a fte r oth e r 

Boa rds ha ve co mp le te d 341 the rma l eye/es 

Group 5 CIC Fo il Boa rds with Adhesive which is Rigid a t Low T. 

Modules 5 . 6 Ce nter Co mponen ts LC C48-3, LCC3 2-7.8, 9 

F~:r'.i'~;----;;----~~ e ~ -~~·1=~--s-;·;;:.-a"'"Sid e CO mp One ~FTt''t 

/Grou~ umber Cy cle Number Name ~ail 

·=~»=r-----~----™210"'~=-------1:2:3"""'ww, _____ 6 ___ ==B~-»---,,,Ccc=Ga":'."°2"~T2'3"'~ 

-··--·2 ····-·······-··-··2s·1r··-··-···· - 194 6 B LCC 68 - 2 " 194··-

3 255 252 6 8 LCC 68 - 1 252 

4 208 26 1 & 26 1 5 A LCC 68 - i2~ 
·· ···· ·······s· ·· ····· ··············2:f§···············--2s2··.:-·264·--············s ············· .. ·i;..:--·······-c-cc··6tf :···i········26i····· 

······· ···· ·6··········· ··· ········26°?·········· .. ·····2·99·~· jo3············· ··s ················ ii.·· ····· ····ij:;·c ··6 if° ~·· ·1 ······· ·2·gg······ Edge 

----- 7 -- 223 .................... 376 .................... 5 ................ s._ ...... LCC 68 -.1._ 3 76 ... Edge 

.............. 1 ....................... ?}.~ ... .................... ~~.? ... ................... 6. ................. l\. ...... ..... ~.q_c:; .. 1.?.:. ... 1 ........ } ~-~······ Edge 

2 237 43 1 6 A LCC 48 - 2 431 Ce nte r 

. 3 252 449 & 450 6 8 LCC 48 - 1 449 ..... Edge 

4 238 459 6 A LCC 48 - 3 459 Edge 

5 204 590 5 A LCC 48 - 1 59 0 Edge 

·····• ..... 6 ...................... iiiS············· .. 6·4·5·°&·64is"°············s·· ... · ........... ff ·········L·cc··4•a .. ~·· ·i·····-·s 4 5·• ..... Center 

········· ·· ·"j······ ············· ·· ·2sj····· ······ ·····'io·i···&··"jo:z"·············s ·················s ···········u::"c··4·if.~··2········701 ······ Edge 

8 ... ·---·--·--222 789 . 5 8 LCC 48--- ·3 ----789-·-- Edge 

9 ·---·----·---·--205 890 5 A LCC 48 - ·2 ...... 890 ..... oute r 

·· ······ ·· ·fo···--·-- ··········· ··;z"s4 ·· ·· ........ ·--9·1·4--~--91 s ····· .. ... --6 ······· ··········s ··· ········cc"c .. 4·3··~·j··· ·· .. g1·;( .... Ce nter 

· 1 ···-- · ···--······2 14 402 & 403 · · 5 B ~Lee 32··~·5··-- ···4·6i····· Edge 

2 202 728 5 A LCC 32 - 9 728 Ce nte r 

3 23 1 728 6 A LCC 32 - 6 728 Edge 

.... 4 ... 200 734 5 A Lcc··32··:--y······jj4······ Edge 

LL:- Iii i;iit: i 1fitf-f!S~fft 
----... .!.2.. ____ ___E_2---·- 882 6 ;;_--- LCC.32-=-'?~i- Ce nte r· 

_ _jj. :=••· :lit= ~;9;1i;~_:J·=•······••f-.1gg u:J::• lli••·-Edge 



Appendix C Hi stograms or f\ccclcratcd Test rail urc Data 
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Group 2 LCC - 48 Center vs. Edge 

5 - Modules 4A, 48 Material CIC Core 
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Module 1 Heatsink CTE > Substrate CTE, Adhesive Compliant 
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Module 3 Heatsink CTE < Substrate CTE, Adhesive Compliant 
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Module 4A Heatsink CTE < Substrate CTE, Adhesive Rigid 
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Module 5 Heatsink CTE > Substrate CTE, Adhesive Rigid at Low T 
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Module 7 Heatsink CTE > Substrate CTE, Adhesive Compliant 
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Modul e 9 Heatsink CTE < Substrate CTE, Adhesive Compliant for All T 
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Module 8A Heatsink CTE > Substrate CTE, Adhesive Very Rigid 

2 T-------T -- ---------7~-~ 0 -~-~~- o\ .. , .. 0 . · o\ ·· -'"'--1

1 
-~- ~a- ~,. 

I I I . 
I 

1.9 -i-- ··:-.· .9 -:-o ... ci N ----r- --~----1 ~ -; 
7.8 -- -- - .. ,., .... :0-----:J -- - -\_ --- ---·---- \ ---~ -- -·-~ 

~-- _---=··"::-·==·=" rf_,,,,,, . .,.-.. \ \ 1\ X Ed g e \ _ 
1 1 .:· I ~ I I 1. 7 j_ __ - - -\ - - -- J ------ _ \ ____ -- -_ -i ------ -• ~__j__ I I • \ .~ 

. 6 _?' • .., 'T11
""""'* 1- r .,,. • - -~------~ --·· --1i --- -1 --- 1- --- ---- ,·---- --1 ■ . I I I ' I I I -- - -J_ ---- -\_ ---- - '1 ___ -' -\ l i \ 

0

1 

1. 5 
-- ------·--- ·-

I ' 

J __ _ __ Calculated __ \ ___ , 

I I i 

1 .4 -- \ ___ _j 

-1-- - -- ------ - - - - ----1 1.3 I 

i 1. 2 - -

X Middl e l I 

-- -- r-- -- - ----- -- - __ 1 __ 
--! - -- i -- - ---- -

.,..,.,,,...,,,,.,,,,.,.,._.,,,".,,.;".-,,w..,.,m,,.,.,,,,.,,,,,,J,,,,,.,.,,,.._.,~,;-;,,.,,,,,,,,,,,,,.,,,,,,._,,,,..,,,,"j:',:"',.,,,,.,,,_,.,• · ,,._,_ >0,.,,...,,..,,,.,,,,J,.,_,.,.,,,.,,,,,,,,w..,,,..-,m:,.:.»»=»»><==-,..,xc»»»»>w,:,=-.,,,, 

1.1 - -- - -- -; - -- -1-- ··· 1··--- \-----1---~ :----- 1 

--- _j_ 
--------- t • ------

-55 -35 -1 5 5 25 45 65 85 10 5 

Temperature Deg C 

I 
I 

125 
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1\ppcncl ix r Algorithm to Comput e ConJidcncc Cont ours on Distribution Parameter 

The co nfid ence contours are comput ed as fo ll ows: 

l . Determine the contour at arbitrary altitudes . Approximately ~0 co ntours is sufficient 

for numeri cal accuracy 

2. Co mpute the area enclosed in each couture, this is the area of the projection of the 

probability density contours on the 0-B plane. 

3. Compute the volume above each contour 

4 . Add the vo lum e computed in srep 3 to rhe area of the contour calcu lated in step 2 

mu ltipli ed times the altitude of the contour. This is the vo lume inside the confidence 

contour. 

5. Interpo lat ions between the calculated contours and the desired contour int ervals gives 

the altitudes at the desired confidence level. Confidence leve ls of 95'1o , 90°/o, 50° 0 and 

5% are used for this study 

6. Det ermine the contours at the altitudes determined in step 5. 

l ll-1 
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Appendi x H Plasti c Constituti ve Model Constants al Different Temperatures and Strain rates 
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Pitch (all Bond Pad Bond Pad Castelation Castelation 
units mils) Length He ight Width Heigflt 

LCC-48 40 80 0.5 6 45 
LCC-68, 32 50 80 0.5 8 45 

l~:x:.a~. :,~ =~K~w.:i-~~~.;e:~~:l.Q:,c,_:mQ:Q.:::,ci~,c~~-Q-Q~~* 

~)o~o,;m:~r~,g_:i,: : :,c:x: :: : ·w~-=~ ;ana::o: 

Component Cu-W Comp. Front Over Component Rear Over 
Height Pad Length Hang Length Ld/2 Hang 

LCC-48 45 40 33 396 7 
LCC-68 , 32 45 50 33 672 , 365 -3 ~,«q~e:~:c:·c:::n·~: 5:c:: :a:·~~=:iolco~::t.,~:r;·~~~o:::·~c::o:: :~:.-i:-:c-:~::sro:~,:":-;e~~: rn:·tri:i:o~ .e::o:e:,~cw:n:~ll$C~eo~~~ 

o~»>-:03'~:>,»~~x,o..-»:,,x,,;,.»:,:,,:.:,or.-x»~~~,.>,.,._,,,.~»:.»~~~»>~~=~A-)».:.~»»>»»-' :- :-·· "»'>>>>» 

Material In Plane In Plane Out of Plane Vxy V yz Vzx 
CTE Modulus Modulus 

ppm/C 1 OE + 6psi 1 OE+ 6psi c ·o·pp"ef'Eiectrctt5e'po~sffea"~,,~,-~,~~,.,~,~~T6.7~~-~~,,,·~~=12~0,.*~,.~-~-~,."'~'·~,·1215';~~"->~~:->),-~, .. ~ 3a~ .... ~"'"···=~~~~,~~34i~~-~~-:~-:-,~,.,-~,--~-34':'~~ .. ,.-~ .. ,.,.~ 
CO ppet'fungs ten=~~~-M--=«==sA~=~=--~~-iOA;--~ ~'."iP,"'=-=«•=~177"'~--=«=~n ',;" '«<.««.-=~rt'~'· «<== 

'50p'5:-;rosns'oTder°=vnn«=N-w.w--N~2fg-·~~--·:r34-"'~-4.34~N~ V~-N=o.rN~«•=--w••·o~'4~~•hv=- ··=·OA="wh,_,N 
Ceramic» T~~-»»~4 M> " > 54 . 97~,;;;'°""'"''54.97~ ™o".2z.r,;;:,m~»»»»o~2T~--~,0~2F .. -~ Su1S~rate\..v.:;....-.~-.-..~¼•.,,-..:.-..,~-....'-l,',M.'>!,~~-~~~ ... ~:=5'-~1'-0-.:0~~--· .... "l,".,._',.'V..'-~~ .. 4-' ..... ~ '--».,,M,.,,.,,-·-·~· 4 ""''--.:.:...™ ....... ~ .. ~~~ .. Q.1 .. 2~ .. ~"l,".,._~-.»!,,'!>-.:.6T-.:...~~~"l,".,._ ........ ~ ...... '-!,,=o~ .... ~=~ .. 

Substrate height 
80 mils 

~ = ~~«~<~~««'OC««'C'C<,~ <.< .. <<<< <<X << : =~~"«<"C 

* CALCE Database 
*** Papers Verma , Das, ... 
Otherwise measured by Hamilton Standard 

n ► Ou 
::i u 
,...,. Ci) 
0 ::i s 0.. 
"d x· 
0 ...... ....,. 
(/l 

0 
~ 

3: c:;;· 

~ .,, 
~ 
:J . 
e:... 

~ '-o 
tn a 
.0 tl 
C: Ci) <. ~ 
e:... ~-
Ci) (/l 

~ § 
(/) 0... 

:::;- u 
Ci) - · 
'./l ::J (/l _, 

Ci) 
::i 
(/l 0. 
::i 
(/l 

C 
(/l 
Ci) 
0.. 

o' 
-; 

~ 
~ 
e:... 
'< 
(/l 

v(/l 

"ri 
tn 
~ 
~ 
Ci) 
(/l 
::, 
Ci) 
(/l 

~ 
0.. 



85 . 

65 

45 . 

(J 

CJ 
(l) 

a 
~ 25 
.2 
r'! 
(l) 

a. 
E 
~ 5 

-15 

-35 . 

,,,,. 

Thermal Profiles Used for FEM Analysis 

C. 

6T =145C dT/dt=10C/min 

·---·-------
~r""=25C dT/d t=1.7Clmin 

_,,,,,. 
... ..... 

10 20 30 
20C ' sti -. _.,. 

e. 
-55 .L. _______________________ __,,,,__.__ _ __,;~ _____ _J 

Time in minutes 

/---Acc. Test - - Fie ld j 

11 2 



-
t.,J 

•1111111rnn1 

Fine Mesh 

1337 Elements 

1426 Nodes 

• 
1111111· · . ! ! I ! ! ! ! ! ! i 

m1rn1m11mm11mm11,,, ~ 

l i Ull!lillllll II -.. II i_ .. .. ~ .. ' • r. 

Lx 



l\\\\\\\\ 
11\11\II\II\I 

F
. lllllllffi1TI 
me Mesh ijtl1ttt111tttl1111t111tt8H~t-t-t-+~=~+~=t=====t=======±=========± 

-_._ 

13 3 7 Elen1ents ,}u )U~\111 / / / 
111

11 11 1~\W\\I 11 r·t\,., 
1426 Nodes ~.?f1 1 , r--r-{\;~I ~_... I ,, ~ J \/,,,i--- -t-----+------L , .. ,, U I 1 ,,,; 

.r/_✓J,,.,_'·' ...._'.c' 'l l L• 1/.J~,. I '1 ', I ·1 , ~ .,-_, I a- I I I 1 ,..._ / ; . ·, •, ', ,----+-----+------L ' / / /fl .... .,.. ·, I, I, \ 
1
1 I \ I \ '~V'· 

,//' /'"y' 1 '

1 ~~ ~ I \ \ 11 
\ \ \ \0,;\ \\),, \ I / • ' 1 1 I 11 11 \ \ \ \ \ \~ \ i-------t------+------L 

,I j • / / / f 1
1 \ 

1
t 

1

1 \ \ \ \ \ \ \\ 

y 

17 X 



-'.J> 

y 

2. .... .. . 

--~ 
2 

2 

s 
4 

J2 \ \ 
2 , ) I.J1U 3 _4 

2 
3 

Fine Mesh 

1337 Elen1ents 

1426 Nodes 

----- LL~~ s ~ - - - ,,. 

Element Contour 
ElemNode Sl 

Color Index 

B 0.44SE+01 
--- A 0.404E+01 

0 0 . 364E+01 
9 0.323E+01 
8 0.283E+0 1 

, ........... 7 0 . 242E+01 
6 0.202E+01 
S 0 . 162E+01 
4 0.121E+01 
3 0 . 808E+OO 

- ··- ··-·· 2 0 .404E+OO 
-- - - - 1 O.OOOE+OO 
Min: O. OOOOOOE+OO 
Max: 4.849306E+OO 
Min ID: 352 
Max ID= 91 
Contour_l: 
Stre s s 
Mises 
Scalar 
(HON-LAYERED) 

Tdwellloadca s e 
Step2 



-
0\ 

Lx 

Coarse Mesh 

269 Elements 

314 Nodes 



--
...J 

Coarse Mesh 

269 Elen1ents 

314 Nodes 

L 
I 

,· 
I / / 

f ' J 1 

I 

1._j I fl _/.,./_, 

-( t·· I I 

®P·-........ -
, I --~-

' \ \ \ \ \ \ ·--. __ _ '· . I ·, 

( 

II r~t __ L~/1\L_W-t/ ,Y 

IZ I X 

/ \\ 
t---+-----1;--__;.,...- , 

I 
I I I 

I I \ 

I 



-
00 

----·---._ 
"6----~ 
·,"- 6 
~ 

fl 
'•·--..,_ ~-\ ~ \ \ 

Coarse Mesh 
7 

269 Elen1ents 

314 Nodes 

\ \ \ \ \ 6 

y / \ \
3 

\ \ _J 2 S 

- ------~- -7 1· J~~~.~- 7 ________ ··~~ ---../-' L ~J!------ - 6~--· r ...... ~--- -Z ........... -__ X ---- J-- _,,,- ci;: ---~ 
-- .,.,. \ ~ • -~ ,...-I ----- ~ -- - -.--.:~ ::-------: - . 

1-------------

ElemHode S1 

Color Index 

--- B 0.446E+01 
A 0.405E+01 
0 0.365E+01 
9 0.324E+01 

~ , ... _,_. ,, 8 0. 284E+01 
7 0.243E+01 
6 0 . 203E+01 

•-~--- 5 0.162E+01 
4 0.122E+01 
3 0.810E+OO 

---~· 2 0.405E+OO 
.. -··· -········ 1 0. OOOE+OO 
Min= O.OOOOOOE+OO 
Max: 4.861124E+OO 
Min I D: 75 
Max ID= 35 
Contotw_1: 
Stress 
Mises 
Scalar 
(HOH-LAYERED) 

Tdwel ll oadcase 
Step2 



Appendix J Sample Abaqus Input Fil e 

*HEAD ING 
ABAQUS job created on I 4-Scp-95 a t 11 :07 56 

*NODE, NSET= ALL T HEM 
1, 0 2032 , 0. 

Noda l data in x, y, z coo rdinates un its mm 

3 14 , 8525 , -1.3 144 

** 
** 
*ELEMENT, TYPE=CPS4, ELSET=SOLDERJO 

I, I , 2 , 5, 4 
connectivity for so lder joint e lemen ts 

74 , 9 1, 97 , 98, 92 
*ELEMENT, TYPE=CPS4, ELSET= ELM9 l 

two critica l c lements in so lder j oint 
35 , 42, 43, 48, 47 
36, 43 , 44, 49, 48 

*ELEME NT , TYPE=CPS4, ELSET=COPPER W 

75, I , 7, 99, 68 
co1rncctiv ity for copper tungsten LCC bond pad c lements 

89, l 13, 93 , 68 , 99 
*ELEMENT,TYPE=CPS4,ELSET=COPPER 

190, 52, 227, 229, )) 
co1rncctiv ity for copper substrate bond pad e lements 

22 1, 256, 257, 186, 258 
*ELEMENT, TYPE=CPS4, ELSET=LCC 

90, 74. 80, l 15, l 14 
connectivity fo r LCC elements 

189, 2 13, 2 16, 226, 225 
*ELEMENT, TYPE=CPS4, ELSET=POLY_C lC 

162, [86 , [87, 190, 189 

com1ccti vity fo r substra te elements 
269, 3 10, 3 11. 3 14, 3 13 

** 
** so lde rj oint 
** 
*SOLID SECTION , ELSET=SOLDERJ O, MATE RJAL=SOLDER 

0 1, 
** 

cri ti ca l solde1joint e lcrnc11t in so lder 

** 
*SOLID SECTION. ELSET=E LM9 l , MATE RlAL=SOLDER 

0 . 1, 
** 
** copperW 
** 
*SOLID SECTION, ELSET=COPPERW, MATE Rl AL=CU _ W 

0. 1, 
** 
** copper 
** 
*SOLI D SECTION, ELSET=COPPER, MATERlAL=CU 
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0 l. 
** 

** LCC 
** 

*SOLID SECTION, ELSET=LCC, MATERIAL=CERAMJC 

0. 1, 
** 

** po ly_cic 
** 

*SOLID SECTION, ELSET=POLY_CIC, MATERIAL=SUBSTRAT 

0.1 , 
** 

*INITIAL CONDITIONS. TYPE=TEMPERATURE 

ALLTHEM, 0.2500000E+2 

** 
** 

** so lder 

** Date : 30-Aug-95 

** 

Time : 16: l6 :-W 

*MA TERfAL, NAME=SOLDER 

** 

*ELASTTC, TYPE=fSO 

2-1-960. , 0.-1-

** 

*EXPANS ION, TYPE=!SO, ZERO=0.2500000E+2 

2.39E-5, 
** 

**Because plasticity on ly occurs wh ile at low temp 

**ca11 use one plastic law 

*PLASTIC, HARDENING= ISOTROPIC 

29.86. 0. 

30.0, 0.00085 

3 1.0, 0.0011 

33.0, 0.002 1 

34.0, 0.0028 

36 .0. 0 00-1-8 

38 84. 0.0 1 

48.0, 0.01 32 

55 .0, 0.276 

*CREEP, LA W=USER 

*USER SUBROUTINES 

SUBROUTfNE CREEP(DECRA,DESWA.STATEV.SERD.ECO.ESWO.P.QTILD. 

I TEMP,DTEMP,PREDEF.DPRED.TIME.DTIME,CMNAME.LEXIMP.LEND, 

2 COO RDS, NSTATV, NOEL. N"PT.LA YER.KSPT,KSTEP,KINC) 

INCLUDE "ABA PARAM.JNC" 

CHARACTER*S CMNAME 

DIMENS ION DECRA(5),DESWA(5),ST ATEV(*),PREDEF( I ),DPRED( I). 

l TIME(2) ,COORDS(*) 

A==0.2557 

AN ==6.28 

DELH==0 . 7036 

AK==8.6 I 7E-5 

DECRA( l )=A *QTILD** AN *EXP(- 1.0*DELl-l/(AK*(TEMP+273 )))*DTIM E 

RETURN 
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END 
** 
** cu 
** Date: 30-Aug-95 
** 

T ime: l6: 16:40 

*MATERIAL, NAME=CV 
** 
*ELASTIC. TYPE= ISO 

82740 , 0.34 
** 
*EXPANS ION, TYPE= ISO, ZERO=25. 

L67E-5 , 
** 
** cu_ w 
** Da te: 30-Aug-95 
** 

T ime: 16: 16:-W 

*MATERIAL, NAME=CU_ W 
** 
*ELASTIC, TYPE= ISO 

71708, O. l7 
** 
*EXPANSION, TYPE=JSO, ZERO=25 

5:4E-6, 
** 
** Ceramic 
** Date: 30-Aug-95 
** 

Time: 16: 16:40 

*MATERIAL, NAME=CERMUC 
** 
*ELASTIC, TYPE=ISO 

3790 18. , 0.2 l 
** 
*EXPANSION, TYPE= fSO, ZERO=25 

5.4E-6, 
** 
** substra te 
** Date: 30-Aug-95 
** 

T ime: 16: 16: 40 

*MATERIAL, NAME=SVBSTRAT 

** 
*ELASTIC, TYPE= lSO 

27580., 0. 13 
** 
*EXPANSION, TYPE=TSO. ZERO=25. 

9.25E-5 , 
** 
******************************************************* 

*STEP 
LOAD CASE I: INTRODUCE THE IN!T LAL BOUNDARY CONDITION 
** ALL BCs applied with OP= NEW must be applied during the 
**same step. Do not use OP=MOD with a perturbati on step . *STATIC 

*BOUNDARY, OP=NEW 
2 16, XSYMM 
2 17. XSYMM 
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218, XSYMM 
226, XSYMM 
3 12, XSYMM 
3 13, XSYMM 
3 14, XSYMlvl 
3 14, YSYMM 
188, YSYMM 
19 1, YSYMM 
194, YSYMM 
261 , YSYMM 
26-+ , YSYMM 
266, YSYMM 
27 1, YSYMM 
275, YSYMM 
277, YSYMM 
280 , YSYMM 
283 , YSYMM 
288, YSYMM 
293 , YSYMM 
296, YSYMM 
299, YSYMM 
302, YSYMM 
305, YSYMM 
308, YSYMM 
3 11 , YSYMM 

*END STEP 
********************************************* ********** 

** 
** 
** 

step 2, GO FROM Tr TO 28 DEG C, TC l 

one sec. elastic plus 11 sec. viscoelastic 

each 3deg C = I0deg C/min 

*STEP INC=40 AMPLfTUDE=RAMP 

** ' ' 
*STATIC 
0. 1, L.O 
*TEMPERATURE, OP= MOD 

ALL THEM, 28 . 

** 
*EL FTLE, ELSET=ELM9 1, POSlTlON=[NTEGRATION POlNT 

TEMP,S,SINV,ENER,E,PE,CE,EE 
*EL PRINT. POS ITION= INTEGRATTON POINT. FREQUENCY=O 

*NODE PRINT. GLOBAL=YES, FREQUENCY=O 

*NODE FLLE, GLOBAL=YES. FREQUEN CY=O 

*END STEP 
* STEP, INC= lO00 AMPUTUDE=RAMP 

*VJSCO,CETOL=5' E-G EXPUC IT 
1.0E-2, t l . , 

** 
*EL FILE, ELSET=ELM9 I. POSTTION= INTEGRA TION PO INT 

TEMP,S,SINV,ENER,E,PE.CE,EE 
*EL PRINT, POSTTION= lNTEGRA TION POlNT. FREQUENCY=O 

*NODE PRINT, GLOBAL=YES, FREQUENCY=O 

*NODE FrLE, GLOBAL=YES, FREQUENCY=O 

*EN D STEP 
******************************************************* 
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*STEP, INC=-+0. AMPLITUDE=RAM P 

** 
*STATIC 

0 I, 1.0 

*TEMPERATURE, OP=MOD 

ALL THEM, J I. 

** 

*EL FILE. ELSET=ELM9 1, POSITION=INTEGRATION PO INT 

T EMP,S,S INV. ENER.E. PE. CE, EE 

*EL PR INT, POS ITION= !NTEGRATLON POINT. FREQUENCY=0 

*NODE PRlNT, GLOBAL=YES. FREQUENCY=0 

*NODE FILE, GLOBAL=YES. FREQUENCY=0 

*END STEP 

* STEP, lNC= l000, Nv!PLITUDE=RAMP 

* vrsco, CETOL=5. E-G,EXPLICIT 

l .0E-2, l l 

** 

*EL FlLE. ELSET=ELM9 l , POSITION= INTEGRA TlON POINT 

TEMP,S.SlNV.ENER.E.PE.CE,EE 

*EL PRINT, POSITION=INTEGRA TTON POINT. FREQUENCY=0 

*NODE PRINT, GLOBAL= YES, FREQUENCY=O 

*NODE FlLE. GLOBAL=YES , FREQUENCY=0 

*END STEP 

******************************************************* 

**the previouse steps arc repeated until lwo thcrm:i l cycles 

** arc completed 
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Appendix K Fortran Post Processing File for FEM Analysis 

C In order to link the following command is typed al the command prompt 

C f77 namee. f -o name /software/calce/abt1qus5 .-Ulib/shr. a /software/ca lce/ab;iqus5 .-+/ lib/interface a 

C 

. 

c This program computes the maximum equiva lent stress and strain (elastic. 

c plastic, and creep) in the solder. loca te the integr;ition point where 

c the maximum va lues occurs. 

C 

c Input Filename: 'fname.fi l', where fname is the root name of the 

c 
input lile. 

C 

c Output Filename: read.dat 

c 011tpul.d t1 t 

C 

ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

C 

c Va riables used by this prograrnm and ABAQUS subrou tines SPRINC and SPRJND: 

C 

c ndi -- number of direct components in stress/strain tensor. 

c nshr 
c ndipl 

-- number of shear components in stress/stra in tensor. 

-- ndi + l 

c array -- rea l array containing va lues read from results fil e (.ti l) . 

c equivalenced to jrray. 

cjrray -- integer array containing va lues read from resu lts file (. Iii) . 

c equivalenced to anay. 

c fname -- root fil e name of input fil e (w/o .fil extension). 

c nm -- number of results files (.fil ) lo be read. 

c lrunit-- array containing unit number a11d format of results lilcs: 

c lrunit( l , *) --> w1it number of input fil e. 

c lmnit (2, *) --> format of inpul lile. 

c loutf -- format of output fil e: 

c 0 --> standard ASCII format. 

c l --> ABAQUS results file ASC II forma l. 

c 2 --> ABAQUS results lile binary formal. 

c junit -- unit number of file to be opened. 

c jrcd -- error check return code. 

c .eq. 0 --> no errors. 

c .ne. O --> errors detected 

c key -- current record key identilier. 

c jelnum-- current clement number. 

c intpn -- integra tion point number. 

c lstr -- indicates type of principal value (stress/strain) and 

c ordering used: 

c fo r calculation of pricipal va lue (stress/strain) : 

c l -- stress. 

c 2 --> strain . 

c for ca lculatin of directions: 

c l --> stress. 

c 2 --> strain . 

cs -- array containing stress tensor. 

c ele -- a rray containing elastic strain tensor. 

c pie -- array containing plas tic strain tensor. 
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c ere -- array conraining c reep strain tensor. 

c lolale -- a rray containing to tal strain tensor. 

c seq -- equiva lent stress. 

c e lccq -- eq ui va lent elastic s tra in . 

c plecq -- eq ui va lent plastic strain . 

c c rccq -- eq uiva lent c reep strain . 

c lotaleeq -- cqui v::ilent total s train . 

c scqm -- maximum equivalent stress. 

c clccqm -- maximum cqui\"alcnt cl::islic strain. 

c plccqm -- maximum equi va lent plastic stra in . 

c crecqm -- maximum equi va lent c reep strain . 

c total ccqm -- max imum total equiva lent strain. 

c nurnclcs -- clement number where maxi mun mises stress value occurs. 

c nu mint s -- int. point numbe r where max imum mises stress va lue ouucrs. 

c numclecl -- clement number where clecqm ouucurs. 

c numintel -- int. point number where c lceqm occurs. 

c nume lcpl -- clement number where plccqm occurs. 

c numintpl -- int. point number where plecqm occurs . 

c numclcc r -- c lement number where crccqm occurs. 

c numintcr -- int. point where creeqm occurs. 

c numelctotal -- clement number where totalecq m occurs. 

c num.inttota l -- int. point where totaJeeqm occurs. 

impli cit rc::i l*8 (a -h,o-z) 

parameter (Ntolal _ inc=500, Nelc=20. Nga u=-i) 

re;:i f mus 

common /stress/s igmax(Ntola l _ inc, Nelc, Ngau).s igmay(NlotaJ _ inc, 

l Nele, Ngau), tauxy(Nlotal _ inc. Nclc.Ngau) 

common/cl_ s train/ el_ epsix(Nlota l _ inc. Ne le. Ngau ).e l_ cpsiy(Ntota l_ inc, 

I Nelc,Nga u).el_cps iz(N tota l_ inc.Nele.Ngau). 

'.! el_gamma>,)'(Nlolaf_ inc,Ncle,Ngau) 

common/ pl_ strain/pl_ cpsix(NtotaJ _ inc, Ncle. Ngau).pl_ cps iy(Ntota l_ i nc, 

J Nelc, Nga u).pl_ cpsiz(N total_ inc. Nclc. Ngau), 

2 pl _gammaxy(Ntotal _ i nc,Nelc. Ngau) 

common/er_ strain/er_ epsix(Ntotal_ inc. Nclc, Ngau).cr _ cps iy(N tota l inc, 

I Nclc.Ngau) ,c r_cpsiz(Ntotal_ inc.Ncle.Ngau). -

2 c r_gamrnaxy(Ntota l_ inc,Nclc.Ngau) 

common/ I_ strajn/t_ cpsix(Ntol a l _ inc. Nele, Nga u). t_ cps iy(N tota l_ inc. 

l Nele.Ngau),t_cpsi z(Ntotal_ inc,Nclc,Ngau). 

2 t_gammaxy(Ntotal_ inc.Nclc.Nga u) 

conrn10n/cquivalcnt/vonmis(Ntotal_ inc.Nclc.Nga u).cJ_cps icq(N to1a l_ i11 c. 

J Nelc.Nga u),pl_ cps icq(Ntoti.ll _ i 11 c. Nelc.Ngau).cr_ cps icq(Ntota l_ inc. 

2 Nclc. Nga u), l_ cµs icq(N total_ inc. Nelc,Ngau) 

common/cncrgy/s trcncrgy(NlolaJ_ inc.Nclc. Nga u).p lwork(NtolaJ_ i11 c. 

I Ncle.Ngau),cn-vork(Ntotal_ inc,Nelc,Ngau) 

common/ti111c/ timc_ inc(N101al_ inc), tirnc_101a l(N101a l_ inc) 

common/ tcmpcraturc/lcmp(NlotaJ_ inc) 

common/ total_ incrcmcnts/No(_total_stcp,Nof_ tol;1l_ inc 

common/soldcr_ propcrty/Es, Gs.etc, mus 

cornmon/ H _ cquivalenl/J-1 _ vo nmis(Ntota l_ inc). H _cl_ cps icq(N tota l_ i nc), 

I H_ pl_cpsicq(N total_ inc). H_cr_cps icq(N lotaJ_ inc). 

2 H_ t_cpsieq (N totaJ_ inc) 

character fnamc *80 
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wril e(G,*) 'Ente r the name oflh e inpul fi le (w/o .fiJ): ' 

read(5. '(a) ') fn ame 

wril e(G. *) fname 

ca ll input_da ta 

write(6. *) 'got a l/ solder dala' 

ca ll read_ fil _ filc (fname) 

wri 1e(6 , *) 'read a ll of .fil' 

ca ll do_nvernging 

slop 
end 

cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

cccccccccccccccccccccc SUB RO UT! NE S ccccccccccccccccccccccccccccccccc 

cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

c input_da ta: input necessary da ta for the analysis 

ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

subroutine input_data 

implicit rea l*8 (a-h.o-z) 

real mus 

common/so lder _property/Es. Gs.ere. mus 

Es=2 ...J. 96d6 

Gs=0.5* Es/( 1.0+mus) 

mus=0. 4 

cte=2 1.0d-6 

re turn 

end 

ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

c read_fiJ_ fil e: to read result from ABAQUS .fil output data fi les. and store 

c them in the common blocks, wilhoul 0ip the sign 

ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

subroutine read_ fi I_ fil e(fn ame) 

para meter (Ntotal_ inc=500,Ncle=20,Nga u=4) 

implicit rea1*8 (n -h.o-z) 

dimension array(5 l3). jrray(2.5 13). lmnit(2. I) 

equiva lence (a rray(J). jrray(l. l)) 

common /s tress/sigmax(N tota l _ inc. Nele. N gau ).s igmay(Ntola I_ inc. 

I Ne/e.Nga u). tauxy(Ntota l_ inc.Ncle.Ngau) 

common/el_ stra in/el_ epsix(NtotaJ _ inc. Ncle. Ngau).el_ epsiy(Ntola l_ i nc. 

l Ne le. Nga u).cl_ epsiz(Ntota l_ i nc. Ne le. Nga u). 

2 el_gammaxy(N total_ inc.Ncle,Ngau) 

common/pl_ strain/pl_ epsix(Ntota l_ i nc. Nele. gau).pl _ epsiy(Nlotal _ i 11c, 

I Nele,Nga u).pl_epsiz(Ntotal_inc.Ncle.Nga u). 

2 pl_ga mmaxy(Nlota l_ inc, Ne le. Nga u) 

common/er_ sr ra in/er_ epsix(Nlota l_ i nc.Nele. Ngau),cr_ epsiy(Nlo ta/_ inc. 

I Nelc.Nga u),cr _ epsiz(Nrota l_ inc.Nele.Nga u), 

2 cr_gammaxy(Ntotal_inc,Nele.Ngau) 

common/ I_ stra i n/ t_ epsix(Ntota l_ inc. Nele. Nga11).1_ epsiy(Ntotal_ inc. 

I Nele,Nga u), t_epsiz(Ntota l_inc.Nele.Nga u), 

2 l_ga mmaxy(N to1al_ inc.Nele,Ngau) 
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c--

co111mo11/cquivalc11 Uvo11111is(N101al_ i nc. Nclc. Nga u).c/_ cpsicq(Nlotal i 11c. 

I Nc lc. Nga u).p /_ cpsicq(Nlota/_ inc, Nclc.Ngau),cr _ cpsicq(Nlota l_ i ~c, 

2 Nclc.Nga u). t_cpsicq(N101a /_ i11c,Nc le.Ngau) 

co 111111on/energy/strcncrgy(Ntota /_ i11c.Nclc.Nga u).plwork (N10u1l_ i11c. 

I Nclc.Ngau).crwork(N101a/_ i11c.Nclc.Ngau) 

co 111111 on/ timc/1imc_inc(N101a l_ inc),lime_10ta/ (Nto1a l_ inc) 

common/ tc111pcrat11rc/tcmp(Ntotal_inc) 

common/ lota/_ incrcmcnts/Nof_ tolilJ_slcp.Nof_tota/_ inc 

cha rac1cr fnamc*80 

c Open the output fil e. 

c-

open( uni t=5 5. fil e=' menergy. m ') 

open( uni I= 5 9. fil e='steps. dat ') 

write(55. *)'% stra in_ energy pl_ work er_ work' 

wrile(55. *)'work=f' 

inc_ totaJ =0 

nm= ! 

loutf=0 

lmnit( 1.1 )=8 

1runit(2. I )=2 

call inilpf(fnarne. nru,lrnnil.loutf) 

Junit= /rnnit( I . I) 

ca l I dbrnu(iunil) 

----------

-----=----== 

c--- ------- =~--------------------------- --

c Read reco rds from the resulls (.fd) file ,u1d process tl1e data . Cover a 

c maximum of IO million reco rds in the file . 

C 

do IO00 k I 00= L.20000 

do 1000 kl = I,20000 

ca ll dbfilc(0.array.Jrcd) 

if(ircd.ne.0) go lo 100 1 

kcy=Jrray( 1,2) 

c-----===-==---=====-----===--------------------------------- ------------= 

c Get the current step, incrcmcnl number and time. 

C ----------
-------

if (key.eq.2000) then 

inc_ total=i 11c _ total+ L 

istcp=Jrray( 1.8) 

inc slcp=Jrray( 1.9) 

tim~ inc( i11c total )=arrny(-f) 

time - tolal(in~ lotal)=a rray(J ) 

wrile(6,200 I )i~tep.i nc_slcp.inc_lotal , 

1.i me_ inc( inc _ toial). Ii me_ total (i nc _ total) 

wri le(6. *) '---------------------------------------------' 

200 I format( I x.'istep=',i3, h :.' inc_stcp='.i3. l x, 

'inc_ tolal=',i-t lx.' time_ inc='.IB.3. 1 x.' time_lolal='. 

2 f8 .3) 

write(59.2002) istcp.inc_step,inc_ lolal 

2002 format(3i4) 

c--============-=========-=========----------------------.-
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c Gel lhc clc 111 c111 and i111cg ration point numbers, jel11u111 and i11tp11 , and 1hc 

c location of i nlpn (0--al inp.pt., I --al centroid, ➔ --11ocla l average) and 

c the number of direct and shea r componcnls in the analysis. 

c=--------------------- - - -==========--- ------==-===========--====-------= 

d sc if (kcy.cq. I) lhcn 

jelnum=jrray( U) 

inlpn=jrray( 1,4) 

loca1c=jrray( 1.6) 

11di=jrray( 1.8) 

nshr=jrray( L 9) 

nclip I =ndi+ I 

c-========--=============-=======----===========------=-=============---

c Get the temperature. 

e-==============================================- ------===-----------= 

else if (key.eq.2) then 

temp(inc _ to tal)=array(J) 

c============------=================================- ===============-=== 

c Get the s tress tensor. 

e 

e 

else if (key.eq.1 1) then 

si gmax(i ne _ Iota I .jel 11u m, i ntpn )=array(J) 

sigmay(ine _ total.jelm1m. intpn)=array( ➔) 

I a uxy(i nc _ tota 1.jel num. i 111 p11)=a rray( 5) 

e Get the van-mises stress 

e 
else if(key.eq. 12) then 

vonm is( i ne _ rota 1.jel 1111111 , i II I pn)=array(J) 

e--=------------------===============================------=-----------

c Get the energy density. 

2 

- -------------------------- ------------------

else if (key.eq. 1 ➔) then 

strencrgy( inc_ total .jel II um, in tpn)=arrny(J) 

plwork(ine _ lotal.jelnum,intpn)=a rray( 4) 

crwork(i nc _ total .jel nu m, in lpn)=array( 5) 

if (jelnum.eq. 35.a ncl .intpn.eqA) then 

wri tc(SS.2060) strenergy(inc _ lotal.jelnum. i ntp11), 

plwork(i nc _ tolal.jelnum. i ntpn), 

crwork(i nc _ tota l.jelnum.i ntpn) 

cndif 

2060 formal(fl2.4 ,fl 2 ..i ,fl2 ➔ .':') 

C 

c Get the tota l strain tensor 

c==-----===============--------======================================== 

else if (key.eq.2 1) then 

(_ epsix(i IIC - tot a l.j el lllllll , i Ill pn)=a rray(J) 

t_ epsiy(i nc _ total.jel num.int pn)=array( ➔) 

t_ga rnmaxy( inc_ to la 1.jel nu m, in I pn )=array( 5) 

ca ll ge1_z _ cornponen t(r_ epsiz(inc _ tolal.jelnum.i 111 p11) . 

l_ eps ix(i 11c _ tolal.jelnum, i ntpn). 
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2 

J 

t_ cps iy( i nc _ lotal.jcl11um,i 111 p11), 

t_ga rnmaxy(i 11c _ lola l.jcln u 111 , i 111 p 11)) 

c=---------------------- -=--- --===============================-------== 

c Ge t the plasti c str:1in tensor, a nd the equi va lent pl:1sti c s tra in 

c=--------- ---- ------------=-- ---============-==================-------

C 

clsc if (kcy.cq 22) then 

pl_ cps ix(i nc _ tot;i l,j cl num, i ntpn )=array(J) 

pl_ cps iy( inc _ tot;il.jcl num. i 111pn)=array( 4) 

pl _ga m maxy(i nc _ Iola I .jcl 1111 m_ in I pn )=a rray( 5) 

pl_ cps icq(inc _ to tal.jc l num. i 111pn)=array(6) 

ipa rt =2 

cal I gct_z _ compo11en1 (pl _ cps iz(i 11c _ 1ora l.jcl nu 111. i 111p11)_ 

pl_ cpsix(i nc _ tota l.jc l1111111. i nt pn), 

2 pl_ cpsiy( i11c _101a ljclnu111 .int p11). ipart) 

c Get the creep s tra in tenso r a nd the equi va lent creep sLra i11 . 

-------===------

c===========================================- - - - ---=======- ============= 

else if (kcy.cq .23) then 

er_ cpsix(i nc _ lota l.je lnum. i nlpn)=;i rray(J) 

er_ cps iy(i nc _ tota Lje l num. intpn)=array( .i) 

er _gammaxy(inc _ tota l.jc l num. intpn )=a rray(5) 

er_ cpsieq(inc _ to ta l.jc l num. i ntpn )=array( 6) 

ipm1=2 

call get_z_componcnt (cr_cps iz(inc_ to1alje l11 um,i111 pn), 

er_ eps ix(inc_ tota ljelnum_intpn), 

2 e r_ cps iy(i nc _ total._je lnum.intpn).ipart) 

c=-================================================----========----- ---

c Get the e las ti c stra in tensor. 

c---------------- ------- --- -------------- --------- - -------=== 

else if (kcy.eq.25) th en 

cl_ cpsix(inc _ tota l.jcl num. i 111pn)=array(3) 

cl_ eps iy( i nc _ total ,j elnum. intpn )=array( -i) 

cl _ga m maxy(i nc _ tota l ,j cl num. i ntpn )=array( 5) 

ipart= I 

call gct_z _ component( el_ cps iz(i nc _ tota l.jc lnum _ i ntpn). 

c l_ eps ix(inc _ tota l,jclnum. i ntpn), 

2 cl_ cpsiy(i nc _ lota l.jclnurn,int pn), ipart) 

ca l I ge t_ cq ui va lent_ stra i 11 ( c l_ epsieq(i nc _ to tal.jcl nu m_ 

in tpn ). 

2 e l_epsix(inc_ tota l.jclnurn .i nt pn), 

3 cl_ cps iy( inc_ tota Ljc lnum.i ntpn). 

-i cl_ cps iz( i11c_101a Ljclnu111. i ntpn) , 

5 cl_ga 111maxy(i nc_ to taLjcl 11t111 1. i11t pn)) 

encl if 

I 000 co ntinue 

100 I writc(6 , *) 'NO MORE INCREMENTS, END OF POSTPROCESS' 

Nof_ tota l_stcp=is tcp 

Nof_ tota l_ inc= inc_ tota l 

wri tc(6, *) 'Nof_ to ta I_ step='_ Nof_ tot a I_ step 

writc(6 , *)'Nof_ tota l_ inc= ', Nof_ lota l_ inc 
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writc(55. *)' I;' 

closc(unit=55) 

closc(unit=59) 

return 
end 

ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

c gc t_z_co mponcnt: to gel the z compo111ent of the strain tensor for plane 

c stress problem. ipart= I for plastic and creep. where mu=0.5, while 

c ipart= I for elastic, where mu=mus 

ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

subroutine get_z _ component ( epsiz.epsi., .cpsiy.ipart) 

implicit real*8 (a-h.o-z) 

rea l mus,mu 

common/so ldcr_propcrty/Es, Gs, cte. mus 

if (ipart.eq.2) then 

rnu=0.5d0 

else if (i pa11. eq. I ) then 

mu=mus 

endif 

cpsiz=-LO*mu *(epsix+epsiy)/( I .0-mu) 

return 
end 

ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

c get_equivalent_strain: get the equi va lent strai n (elas ti c ... ) from the 

c individual stra in components. pl_epsicq and cr_cpsicq a rc obtained 

c directly from ABAQUS 

ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

subroutine get_ equivalent_ stra in( cpsieq. cps ix. epsiy.cpsiz.ga mmaxy) 

implicit rea1*8 (a-h,o-z) 

cpsi:,:y=garnmaxy/2.0dO 

fi =cps i.\+cpsiy+epsiz 

si=( epsixy) * * 2-( cpsi.\ *cpsiy+epsi ., *cpsiz+cpsiy*cpsiz) 

epsicq=(2. 0/3 . O)*sqrt(fi **2+ 3. O*s i) 

return 

end 

ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

c do _averag ing: fo r the purpose of averag ing. Store / 1-1_ equi valent/ common 

c block from /equivalent/ common block 

ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

subroutine do_avcragi ng 

implic it rca l*8 (a-h.o-z) 

paramcter(Ntota l_ inc=500. Nclc=20. Nga 11=~) 

common/cqui valent/vonmis(Ntotal_ inc. Nclc. Nga u).cl _ cpsicq(Ntotal_ i 11 c. 

l Nclc. Ngau).pl_ cpsicq(Ntota l_ inc, Ne lc. Nga u).cr_ cpsicq( total_ i nc, 

2 Nclc. Nga u). t_ cpsicq(Ntotr1l_ inc.Nclc.Ngau) 

common/ tota l_ i ncremcnts/Nof _ total_ step, Nof _ total_ inc 

comrnon/1-l _ cqui va lent/H_ vo nrnis(Ntota l_ inc).H _ cl_ cpsicq(Ntota l_ i nc). 

I H_pl_ cpsicq(Ntotal_ i nc) ,H_ er_ cpsicq(Ntota l _ inc). 

2 H_ t_epsicq(Nlota l_ inc) 
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CO llllll0ll/ ti me/t i !II C _ inc(Nlotal_ i 11c), ti rnc _ tolal (Nlola l_ inc) 

common/ lcmpcraturc/ tcmp(Nlotal_ inc) 

wrilc(6. *) 'fnput : Nofclc. No fint' 

rcad*,Nofclc,Nofi nt 

open( uni I =60 ,fi lc= 'stcpnu m. m ') 

opcn(unit=50,filc= 'loop. m') 

writc(50. *)"% temp vo 11 clcq plcq crcq tote filename= ' 

writc(60. *)"% step tot_ tirnc ' 

writc(60. *)'ns tcp=/' 

writc(50. *) 'a= /' 

c Nofcle=9 l 

c Nofint=J 

do 100 linc= I,Nof_ total_ inc 

H _ vonmis(l inc)=vonmis(li nc, Nofclc, Nofi nt) 

H_ el_ cpsieq(line)=cl_ eps ieq(I ine,Nofelc, Nofin t) 

H _pl_ cpsicq(linc)=pl_ cpsicq(linc.Nofclc,Nofi nl) 

H_ er_ epsicq(linc)=cr _ cpsicq(linc, Nofcl e. Nofi nt) 

H _ t_ cpsieq(line)=t_ epsicq(linc, Nofclc, Nofi11t) 

!00 continue 

open( unit =5 9 .fi Jc= 'st cps. da t') 

do 200 linc= i ,Nof_total_ inc 

read(59, *)islep.inc_step,inc_ lolal 

H _ total_ epsicq=H_ cl_ epsieq(linc)+H _pl_ cpsieq(l i nc)+H_ er_ cpsicq(J inc) 

write(60, *) istep,tirnc _ tota l(linc) 

writc(50, I I 93)tcmp(line).H _ vonmis(line).H _ el_ eps icq(linc) . 

H~l_ cpsicq(linc).H _er_ cpsicq(I inc),H_ Iola/_ cps icq 

l 193 format(f7 2,5cl 3.6. ':') 

200 continue 

1000 format(lx.Ji5.5:x.3cl2 . ..i) 

writc(50, *) '/;' 

writc(60, *) ']; ' 

closc(unit=54) 

closc(unit=55) 

closc(unit=59) 

return 

end 
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Appendix L Matlab Post Processing File Used to Create Hysteresis Plots 

clear 
loop; 
stcpnum ; 

mencrgy; 

sub=[43 166 233 3581 

k=lcngth(sub) 

frows.columnsj=sizc(a); 

lastslcp l = l 90 

% loop. stcp1111m, and mcncrgy arc crcalcd from 

'¼, fortrnn post processing file 

'¼, array which determines when stresses Oip 

'¼, lasl step in first thermal cycle 

'% 
'½, 
'% 

==~~--------------------- ---------------------

Read Tempcralure "temp" 

for i= J:rows: 

temp(i)=a(i, I ); 

end: 
temp=temp' ; 

'¾,==============================---=---=--========-===== 

% Read Von-Mises stress u11flipped "von" 

'1/o==============================------------=-- ========-

for i= l: rows: 

vo n(i)=a(i .2); 

end; 
von=von'; 

% 
% Flip according to von change in concavi ty 

'¼, Crea tes flip array from sub array 

% sub array contains the subscripts which correspond 

% to changes in concavity of the von mises stresses 

% 
for i= I :rows: 

Oip(i)=O; 

end: 

for i=sub( l ):sub(2)-l: 

Oip(i)= l ; 
end ; 

for i=sub(3) sub(4)-l ; 

Oip(i)= l ; 

end ; 

i1ip=Oip' ; 

% Flip the von mises stress 

for i= l:rows: 

if flip(i)==O: 

vonllip(i)=a(i ,2); 

else; 
vo nnip(i)=-a(i.2); 

end; 

end: 

'½,====================================================== 
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'½i 
% 

Flip equi va lent elastic strains(%) 

fo r i= I: rows: 

if flip (i)==O; 

eleshifl (i)= l OO*a(i.J); 

else: 

eleshifl (i)=- lOO*a(i.J): 

end; 
end : 

---- - - ------====---

'%=-===========================------================== 

'¼, Flip equiva lent stra ins(%) 

%--------

eshi fl( l )=0; 

eflippecl( I)= LOO*a( 1.5); 

tmp=O; 

fo r i=2:rows: 

eshj fl(i)=eshifl(i -1 ): 

for j = Lk: 

if sub(j)==i & flip (i) == l ; 

cshift(i) = a(i,5) -lmp + eshi fl( i); 

tmp = a(i.5): 

clseif sub(j)==i & flip(i) == O: 

eshifl(i) = cshifl(i)-a(i ,5)+tmp : 

tmp = a(i,5); 

end; 
cud; 

deltae(i)=a(i,5)-tmp; 

if flip (i)==O ; 

eflipped(i)= I 00*( dellac(i)+cshifl (i)): 

else; 
cflipped(i)= l 00*( cshift(i)-dcltae(i)) ; 

end; 
end; %end i 

'¼==============================-----========= 

% Average 

% 
for i= I :rows-! ; 

cavg(i)=( cfli pped(i)+cflipped(i+ I ))/2; 

vonavg(i)=(vonflip(i)+rnnflip(i+ l ))/2: 

end: % end i 011 average 

eavg( rows )=cfl i ppcd( rows) : 

vo navg(rows)=von(rows); 

creshifl=eavg ': %creep flipped averaged 

clear eflipped: 

clea r cavg; 

vo ncl=vonflip; %Doesrll average vo11 fo r elastic 

vo nflip=vonavg ': 

'¼,--====-===================================== 

% Flip Plas ti c 

'¼,---===--================================= -== 

133 



cshift ( l )=O; 

cOippcd( !)= !OO*a( l A); 

tmp=O; 

fo r i=2:rows: 

cshifl(i)=eshi fl (i- l ) ; 

for j= l:k; 

if sub(j)==i & flip (i) == I ; 

eshifl(i) = a(i.4)-tmp + cshift(i): 

lmp = a(i,-l); 

clscif sub(j)==i & Oip(i) == O; 

eshifl (i) = eshifl(i)-a(i ,4)+tmp: 

tmp = a(iA); 

end; 

end; 

dc ltac(i)=a(i , -l )-Lmp; 

if flip (i)==O ; 

cOipped(i)= l OO*(dellac(i)+cshift (i)); 

else: 

efl ipped(i)= 100*( eshift(i)-dellae(i)); 

end; 

end; '½.end i 

plcshifl=eflipped'; %plasti c strains flipped averaged 

% 

% New total s train 

%--

fo r i= l:rows; 

eleshifl(i)= l OO*vonavg(i)/24960; 

totshi fl( i)=pleshift (i)+creshift(i)+cleshifl(i); 

end; 

totshifl = totsh ift'; 

%---

% Read unflipped stress and stra ins (%) 

% 
fo r m=J:6; 

fo r i= I : rows; 

unflip(i)= I OO*a(i.m): 

end; ¾,end i 

end; 

% 

if m==J; 

elc= unflip '; 

cJseif m==-l ; 

ple=uu fl ip '; 

e lsc if m==5 : 

cn:=unf1ip '; 

clseif m==6; 

totc=unflip '; 

end; 

%elastic unflipped 

%plas tic un fl ippcd 

(½.creep unflippcd 

%tota l unfli ppcd 

'½,end if on m 

%end m 

% Compute Tota l incl. fl ipped s tra ins(%) "i ncl" 

'½,====================================================== 

fo r i= I : rows; 

i nelshift(i )=crcsh i fl (i)+pleshi fl (i); 

end; 

i nclshift=i nclshi ft' ; 



clea r a; 

----- ------- -----------===-----

'½, get the work 

'¼===========================--- ---========------------= 

form= l :J : 

for i= I: rows: 

temp l(i)=wo rk(i.m): 

end %end i 

if m== I ; 

strnin=tcmp I' ; %strain energy 

end ; 

elscif m==2; 

pl_ work=rcmp I' : '½,plastic work 

clscif m==J; 

er_ work=tcmp I' ; '¼,creep work 

c11d : '¼,end if 0 11 rn 

%end m 

'¼,=====================================----- ---========-

'½, compute life from work for 2nd thermal cycle 

'¼=======================================~- ------===== 

dclstrain=strn in(rows) 

dc lpl_ work=pl_ work(rows)-pl_ work(laslstep l) 

dclcr _ work=cr _ work(rows)-cr _ work(laslslep l) 

nf_el=(dclstrain/.689)"(-l/.18) 

nf_pl=( I 45*dclpl_ work/ 165.5)"(- l l.6) 

n(:_ cr=(l 45*delcr _ work/ 142.5)"(- I/ I . 16) 

nf _ lot=nf_ cl* nf _p l *nf_ cr/(nf_ el *nf-_pl+nf _pl* nf_ cr+nf_ cr*nf_ cl) 

'%nf_ tol=nf_el*r1f_cr/(nf_cr+nf_el) ¾ use in case delpl_work=O 

echo on: 
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Appendix M Hysteresis Plots From FEM Analysis 
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