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Thermal Cycling Analysis of Flip-Chip
Solder Joint Reliability

John H. L. Pang, D. Y. R. Chong, and T. H. Low

Abstract—The reliability concern in flip-chip-on-board (FCOB) Encapsulant
technology is the high thermal mismatch deformation between Silicon Die .
the silicon die and the printed circuit board that results in large | Solder Joint
solder joint stresses and strains causing fatigue failuréAccelerated J ' v /K
thermal cycling(ATC) test is one of the reliability tests performed I I 7 o B
to evaluate the fatigue strength of the solder interconnects. Finite
element analysis (FEA) was employed to simulate thermal cycling PCB
loading for solder joint reliability in electronic assemblies. This
study investigates different methods of implementing thermal Fig. 1. Solder-bumped flip-chip-on-board assembly.
cycling analysis, namely using the 8well creep and “ full creep’
methods based on a phenomenological approach to modeling . ) . ) o
time independent plastic and time dependent creep deformations. important role in the failure of flip chip solder joints. The
There are significant differences between the dwell creep and low cycle fatigue failure response of the solder joints is a
“full creep” analysis results for the flip chip solder joint strain re-  creep-fatigue mechanism which involves crack initiation and

sponses and the predicted fatigue life. Comparison was made with .5 growth until complete rupture of the solder connection.
arate depen_dent wsco_plastlc analysis approach. Investigations on Finite element analysis (FEA) is widely used in the elec-
thermal cycling analysis of thetemperature range (AT) effects Y y

on the predicted fatigue lives of solder joints are reported. tronic packaging industry for modeling the physics of failure
in solder joints subjected to thermal cycling test condition. In

FEA simulation of thermal cycling analysis, the initial temper-
ature or stress free state temperature is often modeled at room
temperature (25C), or at the underfill encapsulant cure tem-
. INTRODUCTION perature. For example, Pang and Chong [3] used room temper-

HE TREND of electronic products today is moving toature at 25 C as the initial stress free state temperature, while
T ward further miniaturization and improved performancélichealides and Sitaraman [4] and Paetgal. [5] assumed a
The continuous drive toward high density and low profile inStréss free state of 14C at the curing temperature of the under-
tegrated circuit (IC) packaging has led to the growing applicil €Poxy. A more practical assumption would be to choose the
tion of flip-chip-on-board (FCOB) assemblies. In a FCOB asilress free state at the melting point temperature of @883 he
sembly, the silicon die is directly attached to the FR4, printediress free state temperature chosen for the analysis may have
circuit board (PCB) with 63%Sn—37%Pb eutectic solder jointdN effect on the solder joint strain response but this is not within
The epoxy underfill encapsulant fills the space between the gl scope of this study. In this study, two issues on thermal cy-
icon die and PCB giving reinforcement for the solder joints #4ing analysis will be addressed.
shown in Fig. 1. Firstly, two different approaches of modeling thermal cycling

Thermal mismatch deformations arise due to differenc@galysis were investigated. For example, Pab@l. [1]-[3]

in the coefficient of thermal expansion (CTE) between tH@mMployed a phenomenological approach by modeling time
assembly materials and high solder joint stresses and strainsia@pendent plasticity and time dependent creep deformations
generated. Low cost solder bumped FCOB assembly procéggarately andis simply called an elastic-plastic-creep analysis.
employ eutectic 63%Sn—37%Pb solder joints which melts Bang et al. [1] classified the elastic-plastic-creep analysis
T,, = 456 K (183 °C), whereT,,,, is the melting temperature.methOd into the full creeg and the ‘dwell creep methods
Reliability tests are necessary to assess the performance ofg¢hanalysis. The full creeg” method of analysis models creep
solder joints subjected taccelerated thermal cyclingATC) deformations during the temperature ramps and is expected to
tests where the solder joints are subjected to a homologdg8ult in different equivalent plastic and creep strain range com-
temperature of 0.5 to 0.87,, for a test temperature rangePonents compared to theiwell creep method which omits

of —55 °C to +125 °C. Hence, creep deformation plays af'eep behavior during the temperature ramps. An alternative
approach is to employ a physical state variable constitutive

. . . _ model for rate dependent viscoplastic analysis of solder as
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Fig. 2. FEA model of the FCOB assembly (318th model).
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Fig. 3. Dimensions of the FCOB assembly section.

analysis basis for correlating different thermal cycling test con- TABLE |
ditions. For a highef’,..x and a larger\T’, creep deformation ELASTIC MATERIAL PROPERTIES OF THEFCOB ASSEMBLY

is expgctgd to be more important. Thieilf c.reep’ method of FCOB Materials Elastic Modulus (MPa) CTE (ppm/°C) Poisson’s Ratio
analysis is expected to show the competing effects of plas_Silicon Die 131000 2.8 03
strain and creep strain range in the solder joint for a sehdll Solder 30674 21 0.35

° o o ° Encapsulant 6900 29 0.3
(of 25°C to 75°C) to a largeAT" (of —55°C t0 +125°C). w3 (subsirae) 22000 13 038

A comparison between the elastic-plastic-creep analysis to uie

viscoplastic analysis results will be made. . . )
The solder was assumed to exhibit elastic perfectly plastic

behavior after yielding. The Elastic modulus and yield stress of

Il. ELASTIC-PLASTIC-CREEPANALYSIS METHOD .
solder [1] was assumed to be temperature dependent given by

A. FCOB Assembly and Material Properties

A three-dimensional (3-D) FEA model of the FCOB as- E(T) =75970 — 1527 (N/mmj) @
sembly was created as shown in Fig. 2. Due to its symmetry, oy(T) =49.2 — 0.0977° (N/mn) 2

only one-eighth of the FCOB assembly was modeled using -re temperaturd, in both (1) and (2) is in Kelvin.

a 3-D-1/8th FEA symmetry model along the two symmetry T

- The creep constitutive law for solder was taken from
planes. The solder joints along the two symmetry planes of the rveaux’s paper [8]
FCOB assembly were modeled. The dimensions of the FC pap

cross section, is shown in Fig. 3 where both the silicon die and e G o (OO n —-Q 3
PCB have a thickness of 0.5 mm. fe=MAT [Sm (5)} P\ TT ©)
The elastic properties of all materials at room temperature G = 28388 — 561" (N/mn?) (4)

are considered to be homogenous and are given in Table I. The

solder joints were modeled with elasto-plastic and creep matehere

rial properties while the other parts of the FCOB assembly re-¢.  equivalent creep strain rate™!);

main elastic. Thé¢MARCnonlinear FE program [7]was used to o equivalent von Mises stress (N/rijn

implement thdull creepanddwell creepmethods of analysis. G temperature dependent shear modulus (Nfjnm
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Fig. 4. Simulation of three temperature cycles.
T absolute temperature (kelvin); Temp (°C) Creep
C1  16.7 (K/s/IN/mm)—a constant; v
«  866; stress level at which power law dependenc 125 + ~_ Elasto-Plastic
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B. Modeling and Simulation of Thermal Cycling Analysis vee
The temperature profile is shown in Fig. 4 and it specifiesg. 5. Temperature profile for theDwell Creefi method.

the temperature range 6f55 °C (T i) 10 + 125°C (Thax)-

The FEA model is supjected _to mcrgmental s:teps Of. temp%—e maximum and minimum temperature limits of the loading

ature change steps with elastic-plastic analysis and time str?y le (125°C and—55°C)

with creep analysis. The start or stress free state of the ther ai) “Full Creep” Method of Analysis: In the “full creep

loading is 25°C, at room temperature and three cycles of temyeaiaq of analysis, alternate increments of time independent
perature loading were simulated. The ramp rate ISGMNin  g|5qtic_plastic and time dependent creep analysis were im-
and the dwell period is 5 min with a cyclic frequency of aPProXslemented during temperature ramp up and down periods by
imately 10-* Hz. The ramp rates and dwell time are significatjterating between a small temperature step for elastic-plastic
parameters for thermal cycling analysis and has influence SRalysis and then a time step for creep analysis. During the
the extent of solder creep and stress relaxation process dutiggs|| periods, only creep analysis was applied. This method
the ramp up and down periods. Pang and Chong [3] have earligranalysis gives a more realistic simulation of the tempera-
shown that at slower ramp rates, more creep exposure ocqf® cycling loading, because as temperature changes, creep
at the ramp up and down period. Shiratori and Yu [9] have dgeformation of solder accumulates throughout the thermal
termined that creep deformation is significant during the earligycle. The temperature ramps (up and down) were modeled
part of the dwell period and diminishes when stress relaxatigfith temperature change increments of 8. At each 5°C
occurs. Thus, longer dwell time is not necessary and a dwigltrement, elastic-plastic analysis was implemented and this is
time of 5 minutes is sufficient for solder stress to relax to a lowelien followed by creep analysis for 6 s. The temperature and
level where creep strain accumulation is no longer significantime steps will alternate during the ramps. In this manner, creep

The two methods of analysis for thewell creep) and “full  deformation is being considered during the temperature ramp
creegd methods are illustrated in Figs. 5 and 6, respectively. up and down periods with a ramp rate of 30/min. For both

1) “Dwell Creep” Method of Analysis:For the ‘dwell the “dwell creep and “full creeg’ methods, three cycles of
creed method time independerglasticplastic analysis was temperature loading was simulated. Outputs of the equivalent
implemented during temperature ramp up and down periogigstic and creep strain ranges from the FEA simulations were
by temperature change steps. During the dwell period, cregpplied to fatigue life prediction models to estimate the fatigue
analysis for 5 min was implemented for the dwell periods dife cycles to failure.
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Fig. 6. Temperature profile for the=till Creeg’ method.
C. Fatigue Life Prediction Models For Solder Solomor{10] reported low-cycle fatigue relations for various
During thermal cycling loading the FCOB assembly matdSothermal temperatures and the expression3 °C is given
rials with different CTE properties for silicon, solder, epoxy anBelow
FR4-PCB, generates thermally induced stresses and strains in N, = [1.36 /Afyp](l/o's) ' )

the FCOB assembly and solder joints. The interface region of

the solder joint to the silicon die and the PCB are regions §his model was developed from isothermal low cycle fatigue
high strain concentration and exhibit severe inelastic strains g€st qata and the equation given here is for the case when the
cumulated over each thermal cycle. Solder joint fatigue fa””iﬁastic shear strain range is dominant {60 °C where the
occurs at these locations due to cyclic plastic and creep str@;gep effects can be neglected).

damage leading to crack initiation and propagation to failure. xnacht and FoX11] developed a model based on the creep
The solder joint is subjected to a complex state of multi-axia},ain range approach

stress strain response during thermal cycling and the equivalent

stress-strain concept is required to represent the multiaxial state Ne =8.9/Ay. . (10)

of stress and strains in the solder joints.

The yield condition for solder follow the von Mises yield cri-This model assumes that matrix creep deformation is dominant
terion and theequivalent stresand equivalent straincompo- in the solder joints and the fatigue life during thermal cycling
nents are given by is related to the creep shear strain range per cycle. Paaj

[1] proposed that the plastic and creep shear strain based fatigue

e 1 2 2 211/2 models given in equations (9) and (10) can be combined to give
=— - - - 5
7 V2 [(Ul 72)" + (o2 —05)" + (3 — o) ] ©) a Creep—Fatigudife prediction model based on a Miners’ rule
. V2 1/2 approach. The creep—fatigue interaction model gives the resul-
& =73 [(er — e2)? +(e2— €3)* + (2 —1))]”* (6) tant fatigue life(Nr) by
where the principal stresses and strains are derived from the Ny =[(1/Np) + (1/Ne) . (11)

normal and shear stress strain components. The relationships of
the effective shear stress and shear strain to the equivalent stress

and strain is given by [ll. RESULTS FORDWELL CREEP ANDFULL CREEPMETHODS
The FCOB model was analyzed using thisvell creep and
e = 1 ot (7) “full creeg thermal cycling simulations. The highest solder
V3 joint strain regions were found to be at the corners of the
and, outermost solder joint. The equivalent stress versus equivalent
v =3¢, (8) strain components for plastic and creep strain for thevell

creep and “full creep’ analysis results are given in Figs. 7 and
These relationships may be employed to convert equivaléhtrespectively. From Fig. 7, no equivalent plastic strain was
stress and strain values to effective shear stress and strain vahesimulated during the dwell periods. Some differences were
for application in solder fatigue life prediction models. observed in the plots of equivalent creep strain for theéll

The computation of the fatigue life cycles to failure for thereeg and “full cree’ methods given in Fig. 8 [12].

solder joints employs failure parameters like the equivalentFor the ‘dwell creep) method, creep strain was noted in the
plastic and creep strain ranges per cycle computed from thigh temperature dwell periods only (“b"-“c,” “f"-“g,” and
FEA results. The low cycle fatigue life prediction models uset'—"k”). For the “ full creegd case, where creep analysis was
for this study is given below. implemented for the ramp up and down periods, the equivalent
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Fig. 7. Equivalent stress versus equivalent plastic strain plot.

Equivalent von Mises Stress vs Equivalent Creep Strain TABLE I
an COMPONENTS OFEQUIVALENT AND SHEAR STRAIN RANGES
dw ell creep < < = ~
------- full creep Method A& A€ Ay Ay
Dwell Creep 0.0047 0.0007 0.0081 0.0011
Full Creep 0.0021 0.0024 0.0036 0.0041
UL
U I i
: N \ G \K i TABLE Il
-0.601 0.601 0.002 1| 0.003 ,§-004 0,095 0.006  0.407 PREDICTED FATIGUE LIVES OF FCOB SOLDER JOINT
I R B Method Solomon’s Knecht/Fox Creep-Fatigue
) P i Model [9] Model [10] Model [1]
2 f’ . T [ Dwell Creep 28268 7760 6089
Ag", Full Creep 138378 2149 2117
Fig. 8. Equivalent stress versus equivalent creep strain plot. Ay and A~¢ were applied to the solder fatigue models to es-

timate the number of cycles to failure for the flip-chip solder

creep strain range increases with increase in temperature'.o'l s. Ta}ble “.l gives the predlctgd fatigue lives of the FCOB
der joint using the different fatigue models.

can be seen that the building up of creep strain range in ra . . . e
g up P g Solomon’s model hence predicts higher fatigue life, in par-

up periods (“E™-“F,” “I'-"J" and “M"-"N") is actually much | ) X
greater than the high temperature dwell periods. This sho lar for the ‘full creeff method. The Knecht/Fox model and

that creep implementation is important and should not 6 e resultant Creep—Fatigue model showed that implementation
of the creep deformation reduced the predicted fatigue life sig-

ignored in the ramp up and down periods. . .
The equivalent stress versus equivalent plastic strain cur\,/f%técamly and the difference between thewell creep to the

for both the ‘twell creep and “full creep’ analysis methods ull creeg analysis results is a factor of approximately three

show ratcheting effects but the equivalent strain range has jmes for the Creep—Fatigu_e mode!. It was noted in Petrg.
9 q 9 , that the FCOB assembilies survived 1200 cycles{65°C

bilized as the size of the loops for three cycles remains fai o . .
constant. As for the equivalent stress versus creep strain curniBst 125°C thermal shock test) with no failures before the test

ratcheting effect is more significant for thell creep method was dlslcz:o?tmued. ghldti” creepf analysis methgd usmgltth(:‘h
but the equivalent creep strain range per cycle is fairly stab reep-Fatigue model [1] gave more conservative results than

Therefore, the strain rangeé\¢;, and Ae?) of the third cycle the (_1well creefi method. . . .
can be used as failure parameters to predict the solder joints’ fa!t_ is clearly shown that |m_plem_entat|on of creep analysis
tigue life. Table Il gives the various equivalent strain ranges Eﬂl‘"mg ramp up a_nd d0\_/vn periods is necessary and has reduced
the third cycle for the dwell creep and “full creeg methods. the “predlcted fatigue life of the solc_ier JO'.mS greatly. Hence,
The equivalent shear strain ranges;(,, A+¢) were computed The dwell creep method p’redlcts fatigue lives that_are.much
by (8). onger than the full creep me_thod and _the later is highly
With the two methods of implementing thermal cycling anaf_ecommended for thermal cycling analysis.
ysis, the ‘twell creef analysis has generated higher plastic
strain range with the equivalent plastic strain of 0.47%, higher
than the full creep analysis result of 0.21%. On the other hand, The “full creeg analysis breaks down the non linear de-
creep strain ranges are higher in thell‘creeg analysis. The formation process of the solder into time independent plastic
equivalent creep strain range generated by thié¢reep’ anal-  strain and time dependent creep strain in a phenomenological
ysis was 0.24% per cycle, very much higher than tbeell manner. Alternatively, the non linear deformations of solder
creep analysis result of 0.07%. The various failure parametersan be modeled using a rate dependent viscoplastic model for

IV. VISCOPLASTICANALYSIS METHOD
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Fig. 9. Three-dimensional slice model of FCOB assembly for viscoplastic analysis.

example in the ANSYS program [13]. ANSYS has an optioments along the solder joint interface where the crack propa-
for viscoplastic analysis using the Anand’s viscoplastic modghtes
to describe the rate-dependent material behavior with the large

strain solid, VISCO107 element, for three-dimensional large ZAW -V

strain solid. The basic features of the Anand model is that there AWave = ZV (18)
is no explicit yield surface, rather the instantaneous response
of the material is dependent on its current state. Secondf¥e fatigue life was calculated using
a single scalar internal variables,” called the deformation a
resistance, is used to represent the resistance to inelastic flow a=N,+ da (19)
of the material. Anand’s model is expressed by a flow and three AN
evolution equations wherea is the solder joint diameter at the interface with the
de,) _ to 1/m o copper pad. _ . _
—r =4 [smh <?>} =@/ (12) A comparative study was conducted for viscoplastic anal-
ysis using Darveaux’s approach [14]. Fig. 9 shows a 3-D slice
ds . B dep model of the flip chip geometry, together with its boundary con-
a {ho (1B1) E} at (13) ditions, subjected to the same temperature profile-66 °C
to +125°C and also for two smaller temperature ranges. The
B=1_-2 (14) temperature ramps (up and down) were modeled with incre-
s* ments of 10°C and with dwell periods of 5 min. Two cycles

o :3A<i dep /vt

)" were modeled so that the difference in the plastic work den-
A dt '

(15) sity between two cycles can be calculated. The boundary condi-
tion known as coupling (CP) was implemented in this 3-D slice

Darveaux [14] reported solder life prediction model based qfodel to implement generalized plain strain condition on the

the plastic work dissipated in crack initiation and crack growigoypled surfaces. The constants used in the Anand’s model were

to failure. The model utilizes finite element analysis to calculatgken from Darveaux’s paper [14] and they e = 1800 psi,

the plastic work per unit volume (i.e., inelastic strain energy:s — 9400 (1/K), C3 = 4.0E6 s, C4 = 1.5, C5 = 0.303,

density) accumulated per cycle. The plastic work is then useg = 2.0E5, C7 = 2.0E3, C8 = 0.07 andC9 = 1.3, respec-

in a solder joint fatigue model to calculate the number of cyclggely. The fatigue model constants ak& = 22 400 cycles/psi,

to initiate a crack, and the number of cycles to propagate the, — —1.52, K3 = 5.86 x 107 in/cycle/psi, K, = 0.98,

crack through a solder joint. Darveaux’s model [14] for craciespectively. The plastic work density per cycle and the fatigue

initiation and crack growth are given by equations (16) and (17e predicted is shown in Table IV.

respectively.

N, = K, AWz (16) V. TEMPERATURERANGE (AT) EFFECTS

da The purpose of this study is to quantify the effects of dif-

— = Ky AWKs (17) ferent temperature rangé&T’, using the full creeg analysis

dN method to compute the stress and strain behavior and to pre-
whereK, K, K3, andK are constants for a slice 3-D modeldict the fatigue lives for the solder joint. Five different temper-
The plastic work AW, (in psi) is averaged across the eleature rangé AT) conditions were investigated as specified in
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TABLE IV temperature range conditions such as250 75°C or 0°C to

PREDICTED FATIGUE LIVES USING DARVEAUX'S MODEL [14] 100°C could be estimated prior to conducting these extensive

Loading Profiles | Plastic Work Density | Life Cycles by tests_. These scale _fact(_)rs also provide useful mformatlo_n_ on the

(Psi) Darveaux’s model feasible of the testing time needed. For example, Conditions A

—55°C 1o +125°C 23.28 494 to D will take very much longer to test and these scale factors
0, O, . . . . .

0Cto+100°C 10.44 1308 give some indication of the test cycles to failure and hence the

+25°C to +75°C 4.19 4283

estimated test duration. These scale factors are inherently geom-
etry or package dependent, but it fulfills its purpose for scaling
TABLE V : ; ; il
DIFFERENT TEMPERATURERANGE, AT CONDITIONS the fatigue life fordlffe_r_ent temperature ranges for reliability as-
sessments of a specific package.

Condition | Max. Temp | Min. Temp AT A€, A€, | Ng Life cycles by
Tmax (°C) | Tmin (°C) ©°C) % % Creep-Fatigue [1]
A 25 75 50 0.087 | 0.057 8918 VI. CONCLUSION
B 0 100 100 0.079 0.087 5871
c 25 125 100 | 0042 | 0.117 4388 This paper has provided useful applications of employing fi-
D -25 100 125 0.132 0.250 3658 . . . . .
E 55 125 180 | 0.250 | 0.255 1975 nite element modeling and simulation techniques for thermal
*# Typical ATC reliability test, AT, used for FCOB solder joint reliability tests. Cycling analysis and fatigue I|fe prediction Of ﬂ|p-Ch|p solder
joint reliability results. The study shows that thewell creep
TABLE VI

method of analysis can predict fatigue lives that are about three

SCALE FACTOR FORDIFFERENT AT CONDITIONS . . .
times longer than theftill creeg’ analysis method. Hence, the

Method A B c b E “full creeg analysis method is recommended as it gives conser-
(2510 75°C) | (0 to 100°C) | (25 to 125°C) | (-2510.100°C) | (-55 to 125°C) . . . . . .
vative results. A viscoplastic analysis using a 3-D slice model
ﬁgggﬁ*;ig“ 451 297 222 185 100 and Darveaux's model for solder joint fatigue life prediction
Darveaux’s 867 264 - - 1.00 gave even more conservative fatigue life compared to e “
Model{14] creep analysis result. Scale factors have been proposed for cor-

relating flip chip solder joint fatigue life from an accelerated
Table V. Condition B and C have the same temperature rang@srmal cycling test condition with a larger temperature range
AT, but with different temperature limits, where the effect ofcondition E) to smaller temperature ranges (conditions A to D).
mean temperaturél’,,.., ) Was investigated. The accumulated
equivalent creep strain ranges experienced by the solder joint

increases with increase AT, resulting in a decrease in the
predicted fatigue lives. [1] J. H. L. Pang, C. W. Seetoh, and Z. P. Wang, “CBGA solder joint re-

. . . . liability evaluation based on elastic plastic creep analysASME, J.
Fatigue lives estimated by the Creep—Fatigue model showed  ¢cion packag.Sept. 2000.

that with a highetAT", a lower fatigue life was predicted. This [2] H. L. J. Pang, Y. T. Kowk, and C. W. SeeToh, “Temperature cycling
is due to higher creep strain range per cycle computed with in-  fatigue analysis of fine pitch solder jointsidv. Electron. Packagvol.

; : . ; 19, 1997.
crease iM\7'. For the case with the sam¥?", but with a higher ] 3.H1.L. Pangand Y. R. Chong, “FEA modeling of FCOB assembly solder

maximum temperature (condition C versus B), a shorter fatigue ~ joint reliability,” in Proc. 3rd Int. Conf. Micro Mater. (MicroMat'0Q)
life was obtained. Creep exposure is greater for the higher tem-  Berlin, Germany, Apr. 17-19, 2000.

perature limits of 25C to 125°C Compared to 0C to 100°C [4] S. Michealides and S. K. Sitaraman, “Effect of material and geometry
! parameters on the thermo-mechanical reliability of flip-chip assem-

g_iving Iarger Cre?p strain range per Cyc'_e- This section also pro- blies,” in Proc. IEEE InterSoc. Conf. Thermal PhenodB98.
vides a comparison of the FEA modeling results for the vis- [5] J.H. L. Pang, T.I. Tan, Y. R. Chong, G. Y. Lim, and C. L. Wong, “Anal-

; ; ; ; _ysis of underfill encapsulation curing deformations on flip chip on board
COplaStIC analySlS meth(.)d obtained for three different temper (FCOB) package reliability,J. Electron. Manufactvol. 8, no. 3/4, pp.
ature ranges)\7’, (conditions A, B, and E). The results can be 181-191, Sept./Dec. 1998.

scaled from oné\’l” condition to a particula\7” condition by [6] R. Darveaux, “Solder joint fatigue life model,” ifroc. TMS Annu.
a Scale Factor. Scale Factors for the predicted fatigue lives es- ~Meeting 1997, pp. 213-218. _
. . , [7] MARC Analysis Research Corporation, “MARC User Manual,” Tech.
timated by the Creep—Fatigue [1] and Darveaux’s model [14] Rep., 2000.
are normalized by the result for condition E, (i.e55°C to [8] R.Darveaux and K. Banerji, “Constitutive relations for tin-based solder
125°C) as shown in Table VI. For the case of G to 100°C if(i)qt;"lgfza'fgfani-gggmpw Hybrids, Manufact. Technebl. 15, pp.

4 . o o . — , Dec. .
normalized W_lth__55 C to 125°C, the scale faCtor_forfU” . M. Shiratori and Q. Yu, “Life assessment of solder joirdv. Electron.
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