
Fatigue Life Prediction for Low-Tin 
Lead-Based Solder at Low Strains 

The Coffin-Manson relation is found to be ineffective 
for fatigue predictions below 0.75% strain ranges 

BY S. VAYNMAN AND A. ZUBELEWICZ 

ABSTRACT. Fatigue data for low-tin lead-
based solder cannot be extrapolated be
low 1% by the Coffin-Manson relation 
due to nonlinearity between fatigue life 
(log) and strain range (log). The nonlinear
ity is due to the change in this solder's fail
ure mode from mixed transgranular-inter-
granular (fatigue-creep interaction) frac
ture at high strains to intergranular (creep) 
fracture at low strains. 

Tensile hold time has a dramatic effect 
on the fatigue life of solder. A hold time of 
a few minutes reduces the number of cy
cles to failure for this solder by an order of 
magnitude. Further increase in hold time 
eventually leads to fatigue life saturation. 
The relation between fatigue life and hold 
time and the method to calculate the fa
tigue limit are derived. 

A micromechanical-based model for 
solder has been developed. This model 
reflects the nonlinearity between fatigue 
life and strain range. In addition, this model 
can predict the variation of strain magni
tude and failure mode with changes in 
plastic strain range during fatigue. 

Introduction 

Failure of solder joints due to thermal 
fatigue is a topic of serious and growing 
concern of the electronics and power in
dustries (Refs. 1, 2). Recent advances in 
electronic design lead to a significant re
duction of the strain on the solder joint. 
However, fatigue life data have not been 
generated for most solders in this low-
strain range (less than 1%). Therefore, ex
isting high-strain data are extrapolated to 
low strains by use of the Coffin-Manson 
relation (Refs. 3, 4): 

N^Aep = C (1) 

where Aep is the plastic strain range, and 
(3 and C are constants. 

Since room temperature is approxi
mately one-half of the absolute melting 
point of solders, a variety of different 
creep and fatigue processes interact dur
ing cycling and can contribute to solder 
failure at low strain. For example, fatigue 
crack initiation, fatigue crack propagation, 

void (creep) initiation, void (creep) prop
agation, or a combination of these phe
nomena can be present and lead to non-
linearity between fatigue life and strain 
range. Hence, the Coffin-Manson relation 
may result in misleading fatigue life ex
trapolations. 

While the frequency effect on the 
fatigue of lead and solders was studied 
extensively (Refs. 5, 6), the effect of hold 
times was not investigated in detail prior 
to our research (Refs. 6-8). 

In this paper, the effects of strain range, 
temperature and tensile hold time on sol
der fatigue at low strain ranges are dem
onstrated. An analytical micromechanical-
based model of this solder is offered along 
with the experimental investigation. 

Experimental Procedure 

The research was done with low-tin 
lead-based solder containing 3.5 wt-% Sn 
and less than 0.1 wt-% impurities. 

Bulk specimens were cast in a flat open 
aluminum mold preheated to 175 °-185°C 
(347° -365°F). The solder was overheated 
to 375°-400°C (707°-752°F). After cast
ing, the specimens were machined flat 
and then homogenized at 175°C for 100 
h. A second anneal at 150°C for 2 h was 
done approximately one week before 
testing to standardize testing conditions 
since age hardening was detected. Coarse 
grains (from 50 micrometers up to one 
millimeter) produced by casting were di-
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vided into subgrains 25 to 100 microme
ters long. 

All mechanical testing was done in strain 
control on an MTS servo-valve-controlled 
electrohydraulic testing machine. Fatigue 
tests were done in pull-pull, i.e., the strain 
varied during testing from zero to the 
maximum value (0.3 to 0.75%). While the 
total strain varied from zero to maximum 
strain during cycling, the values for peak 
tensile and compressive stresses were al
most equal due to high plastic strain in sol
der. Two types of tests were performed: 
continuous sawtooth wave tests and tests 
with hold time at maximum strain (tensile 
hold time). 

Heating and cooling of the specimens 
were done through the grips of the test
ing machine by the aid of an apparatus 
developed at Northwestern University 
(Ref. 9). Specimens were kept in the grips 
of the testing machine for 2 h at the test
ing temperature before the start of cy
cling. Testing was done in air of approxi
mately 50% relative humidity. 

Testing in the strain control mode causes 
cycling hardening of the solder under in
vestigation. This continues until a satura
tion stress value is reached. Then due to 
microcrack growth there is a decrease in 
the value of maximum stress. The cycle 
number corresponding to the maximum 
value of tensile stress was defined as the 
number of cycles to failure in this research. 

Results and Discussion 

Effect of Strain Range and Temperature on 
Fatigue Life 

Figure 1 shows the dependence of the 
fatigue life of this solder on plastic strain 
range at temperatures from 5° to 100°C 
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(11° to 212°F). It is evident that the data 
for each temperature (except for 5°C) 
cannot easily be fitted to a single log-log 
straight line. The data are much better 
represented by two straight lines with a 
breakpoint at approximately 0.3% plastic 
strain. Actually, behavior is even more 
complicated as discussed later. Thus, the 
Coffin-Manson relation cannot be used 
for extrapolation of experimental fatigue 
data for this solder from high to low 
strains. However, this relation may be 
used for data extrapolation in two narrow 
strain range regions (above and below 
0.3% plastic strain) with different values of 
constants in the Coffin-Manson equation. 

We attributed the nonlinearity in fatigue 
life (log)-plastic strain range (log) relation 
to the changes in this solder's failure 
modes from mixed transgranular-inter-
granular (fatigue-creep interaction) frac
ture at high strains to intergranular (creep) 
fracture at low strains —Figs. 2 and 3. 

The fatigue life of this solder at 80°C 
(146°F) is essentially the same as at 
100°C-Fig. 1. The change in fatigue life 

Fig. 2 — Scanning electron micrograph of sur
face of failed specimen. Total strain range 
0.75%, 25°C, ramp time 2.5 s. No hold time. 

with increasing temperature may be asso
ciated in part with complete dissolution of 
tin precipitates in the matrix above ap
proximately 80°C. No microstructural 
changes were observed when the testing 
temperature was reduced from 25° to 
5°C (77° to 11°F). Therefore, the de
crease in fatigue life of solder at 5°C 
should be studied further. In part, the re
duction in fatigue life may possibly be due 
to a reduction in ductility on cooling. 

Thus, extrapolation of results of isother
mal tests for 96.5Pb-3.5Sn solder is possi
ble only in the 25° to 80°C temperature 
range. And even in this narrow tempera
ture range activation energy of solder fa
tigue is a function of strain range varying 
from 25 kj/mole at low strain to 45 
k)/mole at high strain. 

Our work shows that the Coffin-Man
son relation is not the best choice in iso
thermal fatigue life prediction of 96.5Pb-
3.5Sn solder. However, limited extrapola
tion of fatigue data within the 25° to 80°C 
temperature range is possible with the use 
of the following constants in the Coffin-

sur-Fig. 3 — Scanning electron micrograph of sw 
face of failed specimen. Total strain range 
0.30%, 25°C, ramp time 2.5 s. No hold time. 

Manson relation (Ref. 6): 

(3 = 0.69-0.0027 t° (<0.3% plastic 
strain) (2) 

3 = 0.48-0.0028 t° (>0.3% plastic 
strain) (3) 

C = 1.41-0.0169 t° (<0.3% plastic 
strain) (4) 

C = 0.19-0.0022 t° (>0.3% plastic 
strain) (5) 
where t° is temperature in degrees C. 

Effect of Tensile Hold Time on Fatigue Life 

Tensile hold time, i.e., hold time at 
maximum strain, has a dramatic effect on 
the fatigue life of many alloys, including 
solders. A hold time of a few minutes re
duces the number of cycles to failure for 
solder under investigation by an order of 
magnitude. Further increase in hold time 
eventually leads to fatigue life satura
tion—Fig. 4. To find a mathematical rela
tion between number of cycles to failure 
and tensile hold time, the time to failure is 
plotted vs. tensile hold time in Fig. 4. As 
previously discussed (Refs. 6, 8), the fol
lowing linear relation between fatigue life 
and tensile hold time per cycle exists: 

tf = A + B tth (6) 

where tf is time to failure, and tth is hold 
time at maximum strain (tensile hold). 

Since time per cycle, tc, is equal to: 

tc = 2 tr + t * (7) 

where tr is ramp time, and the number of 
cycles to failure can be found as: 

N f 
tf A 4- B t th 

2 t r + ta, 2 tr + B t * <8) 

Since in the present study the ramp time 
is much less than hold time, ramp time can 
be neglected and finally: 

N f = - + B 
tth (9) 

For the case of long hold times, the first 
term in Equation 9 becomes negligible and 

Nf = B (10) 

From Equation 10, the limit in the num
ber of cycles to failure under a given set 
of conditions is equal to the slope of a line 
in time to failure-tensile hold time per cy
cle coordinates —Fig. 4. Thus, solders will 
survive not less than B number of cycles 
with any tensile hold time in the cycle un
der given strain range, ramp time and 
temperature. Equations 9 and 10 were 
found to hold for other solders and other 
materials, also (Ref. 10). 

Figure 5 shows the relation between 
the number of cycles to failure and plastic 
strain range in tests with and without ten
sile hold time. The no-hold curve is a re
drawing of the curve in Fig. 1 with a much 
better fit to the data. It is obvious the 
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Coffin-Manson relation does not hold. 
Using Equation 9, the data for several 

strain ranges were extrapolated to higher 
tensile hold times, and approximately the 
same numbers of cycles to failure were 
found, as shown in Fig. 5. These are 
essentially plots of Nf values. Thus, it is 
necessary to perform just a few tests with 
hold time in the cycle at each strain range 
to find the limit in the fatigue life of solder. 
The proposed method to calculate the 
limit in fatigue life of solder may be used 
as a basis for accelerated fatigue test de
velopment. 

As seen from Fig. 6, grain boundary 
fracture is the main failure mode when a 
tensile hold time is introduced into the cy
cle. At the same strain range in no hold 
time tests the failure mode was mixed 
transgranular-intergranular —Fig. 2. Thus, 
tensile hold time in the cycle intensifies 
creep processes during fatigue of solder. 

Lifetime Formulas Based on 
Micromechanical Approach 

A methodology for predicting lifetime 
of solder material has been derived by 
Zubelewicz, ef al. (Ref. 11), and it incor
porates stress and strain micro-macro cor
relations determined at a characteristic 
volume AV of solder, and utilizes a con
cept of the dynamic macrosteady state of 
cycling. The number of cycles to failure is 
counted when the internal structure of 
solder reaches a limit for a stable behav
ior. 

The stress and strain micro-macro cor
relations used in our approach have been 
derived in general (Ref. 12), which when 
applied to a uniaxial strain-controlled cy
cling appears in the following forms: 
for tension 

o-tov(N) = o-, V c o s 2f, + 
o-cov(N) 

for compression 

<7c
ov(N+ 1) = 

oc r,c cos 2fc + at
m (N) 

(11a) 

(11b) 

where the stresses off, and <JC t as well as 
the parametersr/c tand fC/tare taken at the 
tensile and compressive reversals of the 
N-th cycle. 

The stress <rov is the overall stress de
fined over the characteristic volume AV of 
solder and a is the average microstress 
smeared over the elastic matrix alone. The 
parameter 77 describes hardening-recov-
ery-damage properties and is proposed in 
the multiplicative form 

v = vi • VR • VD (12) 

where the components indicate average 
hardening, recovery and damage of sol
der over the characteristic volume AV. 
The parameter f indicates a deviation of 
the average active plane (it incorporates 
slip bands, active grain boundaries or mi
crocrack surfaces) from the direction of 
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maximum shear stress. More specifically, 
compressive stresses deviated the plane 
toward the stress axis, (specimen under 
uniaxial load conditions), while tension ro
tates the plane in an opposite direction. 

Furthermore, suppose the solder exhib
its a dynamic microsteady state of cycling. 
The state is maintained as long as the ac
cumulative damage (??D) increases slowly 
enough to allow for a recovery of the sol
der's internal resistancy at each cycle. 

On the other hand, cycling becomes 
unsteady when associated with a progres
sive growth of damage. Therefore, as 
long as solder is capable of recovering 
elastic energy at cycle reversals, such a 
state will be called the dynamic 
macrosteady state of cycling. 

The definition of steadiness of cycling 
leads to the following expression: 

500 

Fig. 4-Effect of 
tensile hold time on 
fatigue life at 25°C. 
Total strain range 
0.75%, ramp time 
2.5 s. 

where N indicates the number of cycles, 
and Ao-t c is the magnitude of microstress 
at each cycle reversal. The elastic behav
ior can be considered only within the 
elastic matrix of the solder, thus 

Ae 
Aa, e Aac 
— Aec = — (14) 

where E is an elastic constant. Note that 
Acf is not necessarily the same as At|. 

All the previous derivations have been 
used for predicting the evolution of dam
age during fatigue life of solder. When 
substituting Equation 14 into 13, and sub
sequently accounting for micro-macro 
correlations (Equation 11), one can get 

VD 
A(7 

> 
V2EA 

Jl_ 
UN 

[ Aa, • A£( + A(jc • Aee
c ] = 0 (13) V cos22ft 

(vm)2 + 
(15) 
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Fig. 5 — Effect of plastic strain range on number of cycles to failure in tests with tensile hold time. 
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6.0 

Fig. 6 — Scanning electron micrograph of sur
face replica. Total strain range 0.75%, 25"C, 
ramp time 2.5 s. Tensile hold time 90 s after 60% 
of fatigue life. 

where the damage function r}0 varies as a 
function of the internal structure (ft, fc, 
77HR, v HR)- The parameter A is obtained af
ter integration of Equation 13. The hard-
ening-recovery function (??HR = VH • wO in
dicates the material's ability in carrying mi-
crostresses and can be modeled as 

t.c 
''HR 

1 + K • N • lAei (16) 

where K and n are material functions 
assuming to be identical at the tensile and 
compressive portions of the N-th cycle. 

The ability of solder to resist thermo
mechanical cycles is limited by an increase 
of damage (170)- Hence, the critical cycle 
Nf, considered as the end of solder's life, 
coincides with the critical state of the mi
crostructure for which TJD = VD" and 
ft,c = f u- Further cycling deteriorates the 
resistancy under the applied load condi
tions. 

The lifetime analysis of solders incorpo
rates the micro-macro correlations (Equa
tion 11), evolution Equation 16 for hard-
ening-recovery and dynamic macrosteady 
state of cycling (Equation 13). All of this is 
taken at the critical state of the internal 
structure of solder. 

Assume that the critical configuration of 
solder's microstructure (T/CQ, t(% fc

cr) is al
ready known, and the number of cycles to 
failure Nf is associated with this particular 
state. Hence, the detailed derivations of 
the lifetime criterion are as follows; sub
stitute Equations 11 and 13 into Equation 
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Fig. 7 —Plot of normalized stress magnitude vs. 
the range of plastic strain. 

15, then substitute 15 into 16 and set 
N = N f for TjD = 7)D, and f u = fw- The fi
nal result is found in the following form: 

Nf • lAti 

where 

tr1}" (17) 

V, 
A<T/T0 , 

cos2fc' 

j (1 + cos22fc • cos22ft) 
(18) 

and T0 is the reference yield stress equal to 
T 0 = yTA. The relation is identical to the 
Coffin-Manson law when setting 
B = const. The function B is dependent on 
the normalized stress magnitude (Ao-/r0). 
The Equation 17 becomes much simpler 
for uniaxial tension-tension strain-con
trolled cycling. At room temperature, the 
average active plane follows the direction 
of maximum shear stress, thus tc as 0, 
ft — 0 and B is equal to, B = ACT/T0. 

The lifetime Equation 17 becomes iden
tical with the Coffin-Manson law when 
setting the stress magnitude A<r constant 
during cycling and independent on the 
plastic strain range. Figure 7 shows that the 
assumptions are quite acceptable for 
higher strain ranges; however, they do 
not apply for low strains. In other words, 
Equation 17 suggests a deviation from the 
Coffin-Manson law at low strains as ob
served by us experimentally —Fig. 1. 

Conclusions 

1) The Coffin-Manson relation does 
not hold for low-tin lead-based solder be

low 0.75% total strain. 
2) Tensile hold time has a dramatic ef

fect on the number of cycles to failure and 
leads to fatigue life saturation. A simple 
mathematical relation between the iso
thermal fatigue life and tensile hold time is 
developed. This relation allows the deter
mination of the limit in the solder's fatigue 
life. 

3) A micromechanical-based model for 
solders reflects the nonlinearity between 
fatigue life and strain range. The modeling 
shows that the variation in the failure 
mode and in magnitude of the stresses 
from varying strain range (during cyclic 
process) coincide with each other. 
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