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Crack Propagation in Solder Joints
During Thermal-Mechanical
Cycling

Differential expansion induced creep-fatigue resulting from temperature cycling is
an important cause of solder joint failure. The deterioration of solder joint integrity
typically involves a sequential development of local stressing, microcracks, crack
initiation and crack propagation, ultimately resulting in electrical open-circuiting
by total joint separation from the PWB footprint. To better understand the failure
process, a series of combined analytical and experimental investigations have been
performed on flat-pack parts with gull-wing leads ranging in height from 9 to 56
mils. JPL’s special purpose nonlinear finite element computer program has been
modified to dynamically simulate the crack propagation process. Solder creep prop-
erties, including the effect of grain growth, are also incorporated into the model.
Depending upon the system geometry and materials properties, the combination of
crack development and grain growth may have either a positive or negative effect
on the rate of cracking of the solder elements. Consequently, the crack propagation
process may accelerate or decelerate as cycles progress. Sensitivity studies are used
to highlight the individual effects of crack propagation and grain growth and compare
the failure prediction results with those obtained using conventional finite element
techniques. The analytical results are corroborated using visual observations obtained
using SEM photography of test samples exposed to the thermal-cycle environment
used in the analysis.

Introduction

In most electronic packaging applications it is not a single
high stress event that breaks a component solder joint; rather
it is repeated or prolonged load applications that result in crack
propagation through creep-fatigue failure of the solder. The
failure of the solder joint typically involves a sequential de-
velopment of local stressing, micro-cracks, crack initiation and
crack propagation, ultimately resulting in electrical open-cir-
cuiting by total joint separation from the PWB footprint.

From a functional point of view, the loss of service by
electrical open-circuiting is the ultimate concern. As a result
most analytical life prediction methodologies are based on the
mean time to total failure. By far the most common life pre-
diction algorithm is the Coffin-Manson relationship shown in
Eq. (1) (Manson, 1965):

Nbae=cC (1)
where

N;=the number of cycle to failure
k =the ductility exponent (~ 0.40)

Ae = cyclic plastic strain range inc. creep strain
C =ductility coefficient (~0.80)
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When Eq. (1) is used for life prediction it is common to
compute the strain range (A¢) to be the total plastic strain
range, including creep strain, in the highest strain portion of
the solder joint. This provides a good prediction for solder
joint cracking at the point of highest strain, but fails to include
any crack propagation dynamics whereby the advancing crack
may either accelerate, or arrest, depending on whether the
crack presence increases or decreases the strain on the re-
maining parts of the solder joint. Because crack propagation
can occur over many months or years, other time-dependent
aging phenomena such as grain growth, oxidation, and for-
mation of intermetallic layers may also influence the crack
propagation dynamics, and thus the actual time, or cycles, to
failure.

In addition to solder failure prediction, solder joint quali-
fication and inspection are also particularly sensitive to crack
propagation dynamics. Test verification and qualification pass/
fail criteria for spacecraft and military hardware range from
“‘initiation of solder joint cracking” to ‘‘presence of an elec-
trical open circuit,”’ depending upon the agency and mission.
Example qualification criteria include the widely accepted
MANTECH (1991) test requirement of ‘‘no electrical open
circuits after 1000 cycles between —55°C and +125°C,”” and
the NASA (1986) requirement of no visible cracks after 200
cycles between —55°C and +100°C.

The important issue linking both the failure-prediction al-
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gorithms and the qualification test criteria is the complex dy-
namics of crack propagation. A key question is whether one
can establish definitive correlations between ‘‘crack appear-
ance’’ and ‘‘open-circuiting resulting from total separation,”’
and to what extent these correlations are dependent on com-
ponent lead geometry and flexibility, and on metallurgical
changes—particularly grain growth—in the solder during crack
propagation. Understanding crack propagation dynamics and
the parameter dependencies controlling crack propagation is
important to both achieving robust electronic packaging de-
signs that meet the end-use requirements, and to defining and
interpreting appropriate accelerated testing and inspection pro-
cedures for hardware qualification.

Study Approach

In studying the crack propagation dynamics of solder joints,
many important parameters such as dependence on component
lead flexibility and interconnection geometry, dependence on
solder metallurgical properties, and temperature dependence,
are known to be heavily interrelated. With this background,
the approach of the present study has been to utilize JPL’s
special-purpose, nonlinear finite-element elastic-plastic-creep
simulation program to model the behavior of solder crack
propagation dynamics in the context of the complete part-lead-
solder-PWB system. To better understand and corroborate the
analytical modelling effort, a series of experimental investi-
gations were also performed using flat-pack parts with gull-
wing leads.

Finite Element Creep-Fatigue Simulation Modeling. The
JPL-developed creep-fatigue finite element program is a true
time-response simulation program whereby the time response
of the solder joint is divided into thousands of consecutive
time increments; for each time increment the solder’s incre-
mental plastic strain response is computed based on the existing
stress in the solder, the solder’s temperature and constitutive
properties, the presence and level of any previously generated
microcracks, and the state of externally applied loads. The
program starts each time increment by computing the instan-
taneous stress in each solder element using a special-purpose
finite element elastic structural model of the complete part-
lead-solder-PWB system. The forcing function for the stresses
is the instantaneous geometry of the package system including
previously accrued plastic deformation of the solder elements
and lead deflections applied externally by thermal-cycle dif-
ferential expansions or mechanical (isothermal) cycling.

Following computation of the stress, the program uses meas-
ured constitutive properties of solder that model the depend-
ency of solder strain rate on applied stress, temperature, and
metallurgical properties. These are used together with the cur-
rent solder temperature to compute the plastic strain rate in
each solder element, and thus the solder incremental strain
during the time interval. To include the effects of crack prop-
agation, the program estimates the amount of crack growth
in each solder element based on a modified Coffin-Manson
correlation and Miner’s rule as described in the next section.
The amount of crack growth in each solder element is in turn
used to continuously update the mechanical properties of each
solder finite element.

Dynamic Simulation of Crack Propagation. Mechan-
istically, the growth of micro-cracks decreases the effective
cross-sectional area of each element of the solder joint in pro-
portion to the extent of local crack formation. The area loss
is manifested as a localized decrease in element stiffness, which
interacts with the balance of the solder joint structural system
in determining the magnitude of loads and strains applied to
each element during the loading history. In the JPL finite
element model the effective area of each solder element is
dynamically reduced at the end of each loading cycle (i) in
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Fig. 1 Relationship between fraction of solder cross-sectional area
cracked (a/a, ) and fraction of Coffin-Manson cycle-life consumed

proportion to the extent of localized cracking that develops
within that element. The extent of localized cracking is com-
puted based on the fraction (F) of the element’s cycle-life that
has been consumed up to and including cycle (i).

The early work of Manson (1965) and Kitagawa (1978) is
used to compute the dependence of the fraction cracking on
the fraction cycle-life consumption. In these works, a power-
law relationship is suggested to correlate crack growth rate
(da/dN) and cycle strain-intensity factor range (Ae v @) as
shown in Eq. (2)

da/dN = B(AeVa)* p))
where

da/dN = crack length growth per strain cycle
a=crack length
N=number of strain cycles
Ae = cyclic plastic strain range
s=crack growth exponent

Strictly speaking, the crack growth correlation shown in Eq.
(2) is a generalized form of the Coffin-Manson equation. If
the stress-strain relationship remains unchanged for a solder
element during the life span of thermal-mechanical cycling,
Eq. (2) can be integrated, and the fraction crack propagation
(a/ay) is correlatable to the fraction cycle-life consumed (F
= N/Ny) with the power-law relationship shown in Eq. (3).

(a/ay) = (N/Np)"=F", where m=1.43 ?3)

Thus the crack length reaches completion (a/a, =1), when
the number of straining cycles (N) is equal to the fatigue life
(Ny). This power-law relationship between fraction crack length
and fraction cycle-life consumed is used for each element of
the finite element model, and is illustrated in Fig. 1.
Although there are many possible approaches to compute
the fraction cycle-life consumed (F), the most straightforward
technique is to use Miner’s rule, which assumes a linear sum-
mation of individual damage fractions (f;) for each cycle, i.e.,

F=%f, i=1,N )

For brevity, the fraction cycle-life consumed per cycle is gen-
erally shortened in this paper to ‘“‘damage fraction per cycle,”
or sometimes to just ‘‘damage fraction.”” Assuming Miner’s
rule in the context of cyclic fatigue, the damage fraction per
cycle reduces to 1/Ny, where Ny is the predicted number of
cycles to failure for a particular strain-cycle depth. Appealing
to Eq. (1) this gives

f;=damage fraction per cycle=(A¢; /C;)"* 3)

In this study the ductility coefficient (C) in Eq. (5) is also
computed separately as a power-law function of maximum
stress in the solder element during the ith cycle. This modi-
fication to the classical Coffin-Manson correlation was incor-
porated to approximate the known strain rate dependence of
solder fracture.

For cases where a long-term creep-ratchet strain develops in
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Fig.2 SEM cross-sections of solder joints with various aging histories
and exposures to —25°C to + 100°C thermal cycles (dark regions are
tin)

the solder joint, the fraction creep-rupture consumed during
each loading cycle can be computed based on the work of Ross
et al. (1992). Thus

Jfi=fraction creep-rupture life consumed per cycle

=6(0.25)*/C (6)

where 6 is the amount of creep ratcheting (shear or tension)
between the i — 1 and the ith cycles, and C is the ductility
coefficient from Eq. (1). It should be noted that creep ratch-
eting damage is for tension and shear only. Literature data
(Manson et al., 1971) suggest that while tension creep ratch-
eting can be treated similar to monotonic straining, the damage
from cyclic compression creep ratcheting produces no inter-
crystalline cracking and is considered to be negligible.

In summary, for every solder element, the fraction cycle-
life consumed in the ith cycle (f;) is evaluated using Egs. (5)
and (6), and is summed to the previously consumed cycle-life
fraction to obtain the total fraction cycle-life consumed (F).
The fraction crack propagation within the element after ith
cycle, (a/ay);, is then computed using Eq. (3), as displayed in
Fig. 1.

Dynamic Simulation of Solder Grain Growth. The second
important time-dependent phenomena incorporated into the
creep-fatigue simulation model is the effect of solder grain
coarsening with long-term aging. Because of its low melting
point (around 183°C), near-eutectic tin-lead solder alloy has
arecrystallization temperature very close to room temperature.
As a result, solid-state diffusion rates are high and the micro-
structure of solder continually coarsens, with grain size in-
creasing monotonically during long-term aging or accelerated
testing. Figure 2 illustrates the variation of solder joint mi-
crostructure from the very fine structure of newly formed
solder joints, to the segregated large-grain structures of solder
joints subjected to extended thermal-mechanical aging.

Figure 3 summarizes representative constitutive property data
for the creep properties of solder as measured by Weinbel, et
al. (1987), Avery and Backofen (1965), Zehr and Backofen
(1968), Cline and Alden (1967), Murty (1973), and Kashyap
and Murty (1981); the plot highlights the strong sensitivity of
solder strain rate to applied stress and to the metallurgical
condition of the solder. Notice that solder exhibits three distinct
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Fig. 3 Dependence of strain-rate on applied stress and metallurgical
condition of room-temperature eutectic Sn-Pb solder

strain-rate slope behaviors depending on the stress and tem-
perature level. Regions I and III are regions of classic metal
plastic deformation, whereas Region II is a so-called region
of superplastic behavior. In this superplastic region the solder
is able to withstand much larger levels of deformation without
rupture.

Within each of the three regions Arrowood et al. (1991) note
that the creep behavior of solder is well approximated by Eq.
(7). Note in Eq. (7) that increased grain size (increased g)
restricts the strain rate and thus makes solder joints more
resistant to failure under creep loading conditions (see Murty,
1973 and Kashyap and Murty, 1981).

e a"g™” exp(— Q/kT) @)
where
€ =solder strain rate, s~
a=solder stress
n=creep exponent (typically n = 2 to 3)
g=grain size
p=grain size exponent (typically p = 1.6 to 2.3)
@ =thermal activation energy of creep
T=solder temperature (K)
k =Boltzmann constant

1

The JPL finite element model uses an expanded version of
Eq. (7) together with a semi-empirical relationship, based on
experimental data, that predicts solder grain growth as a func-
tion of time and thermal exposure. This grain-growth model,
presented as Eq. (8), is used to compute the grain size (g) that
is used in the expanded version of Eq. (7).

t=$+L AL, i=1to N.
A= (B 5o 1)exp(— Ey/kT) (6= i)
B=375 (1+0.39(04,)""%) ®

gi=ga(1i/lo)l.5
where

{;=grain growth ratio (/; —/.)/l, at time increment i
{,=Initial grain growth ratio

/;=inter-granular distance at time increment 7

l.= characteristic inter-granular distance

I, =initial inter-granular distance; /,//. = 3.45
g;=grain size at time increment /

g, =initial grain size (planar metal. intercept length)

04y = solder stress during thermal-mechanical cycling, ksi

E, = activation energy for grain growth, 0.52eV

k= Boltzmann constant: 8.63 x 107> eV/K
T;=solder joint temperature at time increment i, K
t;=elapsed time from start to time increment i, hr
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Fig. 4 Predicted changes in solder constitutive properties after ex-
posure to numbers of 3-hr thermal-cycles from — 25 to +100°C
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Fig. 5 JPL Bi-metal test fixture used for accelerated thermal-cycling
of surface-mounted components
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Fig. 6 Solder-joint nomenclature and dimension definitions for flat-
pack parts mounted with gull-wing leads

In the analyses and experimental tests described in the re-
mainder of this paper, a standard 3-hour thermal-cycle from
—25°C to 100°C is used. Figure 4 summarizes the modeled
room-temperature constitutive properties of solder that cor-
respond to exposure to various numbers of these cycles. The
dotted lines labeled as ‘‘newly formed’’ and ‘‘8-week storage”’
are the two reference states representing the hard brittle ‘‘as-
cast’’ condition, and the ductile ‘‘age-softened’’ condition prior
to cycling, respectively. It can be seen in Fig. 4 that after the
initial softening period, the material gradually hardens with
increasing number of cycles.

Experimental Testing. The experimental portion of this
study utilized a special bi-metallic test board (Fig. 5) developed
at JPL (Ross et al., 1991) to conduct accelerated thermal-cycle
fatigue tests on flat-pack parts with gull-wing leads. Lead no-
menclature and the lead loading deflection ‘X’ are defined
in Fig. 6.

A key advantage of the bimetal fixture, in addition to the
high acceleration ratio, is the fact that it can be directly placed
into the SEM for nondestructive microscopic examination of
solder joint crack propagation status. Also, the relative po-
sition of the two metal plates (one aluminum with a CTE
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Fig. 7 Temperature-cycle profile and corresponding component lead
deflections generated by the SS/AL and ALI/SS test fixtures
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Fig. 8 Solder cycle-lite consumption per cycie computed using con-
ventional finite-element creep-fatigue simulation with no crack propa-
gation or grain growth

around 23 ppm/°C, the other 416 stainless steel with a CTE
around 9 ppm/°C) can be reversed.

During the tests, the boards were temperature-cycled using
a 3-hour-per-cycle period with temperature ranging from
—25°C to +100°C. Figure 7 illustrates the variations of X
and the temperature profile during the thermal cycle. It can
be seen that for the SS/AL (the stainless plate on top of the
aluminum plate) configuration, the displacement X is directly
proportional to the temperature, and the total displacement
range is 2.44 mils. On the other hand, if the two metal plates
are reversed to obtain the AL/SS configuration, then the total
displacement range is reduced to 1.75 mils, and the displace-
ment (X) is 180 deg out of phase with the temperature profile.

The experiments and analyses of this study were primarily
bases on a TI SNJ54522, M38510/07007BDB 14-lead flatpack.
Lead heights, ranging from 9 to 62 mils, were die formed, and
the parts were hand soldered to the PWB footprint using 63-
37 Sn-Pb eutectic solder.

Crack Propagation and Grain Growth Sensitivity Study

In the following example, both the analysis and test involve
a flatpack component with 38-mil-high gull-wing leads mounted
on the SS/AL fixture and thermal cycled between —25°C and
+ 100°C. Dynamic simulations were performed with the crack
propagation and grain growth algorithms both enabled and
disabled to demonstrate the effects of these features.

No Crack Propagation or Grain Growth. In order to pro-
vide a baseline for interpreting the effects of the crack-prop-
agation and grain-growth algorithms, the first analysis is
conducted without these features enabled. With neither crack
propagation nor grain growth present, the dynamic simulation
reduces to a conventional finite element fatigue analysis with
the fraction cycle-life consumed per cycle assumed to be con-
stant. Figure 8 displays the fatigue predictions for four equally
spaced points along the guil-wing foot: the heel, the inner heel,
theinner toe, and the toe, as defined in Fig. 6. The total fraction

Transactions of the ASME



°

4

§ ——— HEEL

ST S I T INNER HEEL
g ........... INNER TOE
g - — ~ TOE

o«

w

o

z

g

g

w

ut

g

§ % 200 400 600 800 1000 1200

CYCLES

Fig.9 Solder cycle-life consumption computed using simulation model
with both crack propagation and grain-growth algorithms
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Fig. 10 Overall fatigue-failure dynamics computed with both crack
propagation and grain-growth algorithms
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Fig. 11 Solder cycle-life consumption computed with crack propaga-
tion algorithm, but with the grain growth tumed off

cycle-life consumed (F) is the integrated area under each curve;
thus each solder element fails when its integral reaches a value
of 100 percent. Note that this conventional Coffin-Manson
analysis predicts that the heel will fail first, at 510 cycles, and
the toe last, at 720 cycles. Although the solder joint is not
failed open-circuit until the final element has failed—in this
case the toe, many life predictions are based only on the highest
stress region of the part—in this case the heel, which fails at
510 cycles.

Both Crack Propagation and Grain Growth. Figures 9 and
10 show the contrasting results based on the full crack prop-
agation and grain-growth simulation. Note that total solder-
joint fracture and separation is predicted after 366 cycles, and
that the toe fails relatively quickly after the heel due the transfer
of load toward the toe as the crack progresses from heel to
toe. In the conventional Coffin-Manson analysis in Fig. §, no
provision for such a load transfer exists. Note also that the
damage fractions gradually increase as the cracks propagate,
eventually leading to rapid failure as the elements approach
their end-of-life.

Crack Propagation, But No Grain Growth. To illuminate
the effect of the grain growth part of the simulation, the above
problem was re-analyzed with the crack propagation algorithm
enabled, but with the grain growth algorithm turned off. Figure
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Fig. 12 Solder cycle-life consumption computed with grain-growth al-
gorithm enabled, but with no crack propagation
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Fig. 13 Solder cycle-life consumption computed for flat-packs with
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Fig. 14 Overall fatigue-failure dynamics computed for flat-packs with
56-mil-high leads

11 shows the resulting simulation of crack propagation. Be-
cause the lack of grain growth leads to somewhat larger creep
strains, the solder joint ruptures after 349 cycles, slightly sooner
than in Fig. 10.

Grain Growth, But No Crack Propagation. Figure 12 il-
lustrates the effect of eliminating the crack growth part of the
algorithm, but keeping the grain growth active. Note that grain
growth during the cycling results in a gradual reduction in the
damage fraction per cycle over that shown in the conventional
Coffin-Manson analysis in Fig. 8, and predicts a significantly
prolonged life expectancy, near 1200 cycles.

In summary, the crack propagation process generally in-
volves both grain growth and crack propagation. In the case
of a part with compliant leads, the two factors have opposite
effects. Consequently the acceleration or deceleration of crack
propagation depends very much on which one of the two com-
peting factors is the more influential.

Solder Crack Propagation With Highly Compliant Leads

With highly compliant leads, the overall strain level is sig-
nificantly reduced and the role of tension/compression fatigue
damage becomes more significant, especially at the heel. Fig-
ures 13 and 14 illustrate the computed failure trends for 56-
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Fig. 15 Solder cycle-life consumption computed for 56-mil-high lead
using conventional creep-fatigue simulation with no crack propagation
or grain growth

5
4k
al
2}
25t
w0
g ol
«
[~
o L
2 Shear
3k
a4k Tension/Compression
5 s i s
-20 -10 o 10 20
STRAIN, %

Fig. 16 Solder stress-strain hysteresis loops computed for flat-packs
with stiff 9-mil-high gull-wing leads

mil-high gull-wing leads thermal cycled on the SS/AL fixture.
Note that the rate of damage accumulation first decelerates
due to the hardening effect of grain growth, and then accel-
erates as the crack propagation becomes more prominent. The
model predicts that the heel is completely separated from the
pad after about 1500 cycles, when the toe crack has only pro-
gressed ~ 10 percent. Total toe separation is predicted to occur
much later at 3083 cycles.

At the end of the simulation, the grain growth model predicts
a grain growth ratio, { = 16.3, which corresponds to a grain
size ratio (g;/g,) of 12; thus, the grain size has grown to 12
times the initial size of 1.8 microns. This computed grain growth
agrees quite well with the observations shown in Fig. 2. In
addition, the computed crack propagation trends also agree
quite well with the experimental observations.

In contrast to the crack propagation and grain growth model
results, Fig. 15 presents the corresponding life prediction using
the conventional model that assumes constant damage fraction
per cycle.

Fracture Dynamics During Fast Fracture

When a gull-wing flat-pack is attached with short leads,
solder-joint strain tends to be dominated by shear strain that
runs from heel to toe, parallel to the circuit board. To explore
the crack dynamics of this situation, the simulation model was
run for a flat-pack mounted on the AL/SS board with short
9-mil-high leads and thermal cycled from —25°C to +100°C
as before. Figure 16 displays the cyclic stress-strain loops com-
puted by the finite-element model for the heel of the solder
joint at the time of the 10th thermal cycle. Note that the
horizontal shear strain range is around 23 percent, while the
strain range in the normal-to-the-board tension-compression
direction is only about 1.7 percent. This corresponds to a
fatigue life projection (1/f;) of 64 cycles for the heel element.

The full crack propagation simulation results, shown in Fig.
17, predict the fracture of all solder elements after 55 cycles.
Because shear straining dominates the creep-fatigue damage,
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Fig. 17 Solder cycle-life consumption computed for flat-packs with
short, stiff, 9-mil-high leads

the damage accumulation at the heel and toe are almost the
same. Thus, the failure process is governed mainly by uniform
micro-crack growth throughout the solder joint. Since the en-
tire failure process takes place within a few days, the change
in solder mechanical properties due to grain growth is relatively
minor. Because of these special conditions, the life projection
based on the conventional model (i.¢., 64 cycles) is quite close
to that (55 cycles) based on the full dynamic simulation with
crack propagation and grain growth.

Implications for Solder-Joint Failure Inspection

As pointed out in the introduction, crack appearance and
percent of peripheral crack extension are often used as qual-
itative indicators of solder joint wear-out damage. An impor-
tant issue in inspecting solder joint fatigue damage is the
correlation between crack initiation, or a particular level of
crack propagation, and the ultimate service life of the solder
joint. The simulation results presented in the previous sections
of this paper provide insight into the general dynamics of crack
propagation, and agree quite well with visual observations
made as part of the parallel experimental test program. An
important issue confirmed by both the analysis and the test
results is the fact that the time between first cracking at the
heel and final cracking at the toe is highly dependent on the
flexibility of the part/lead/PWB system. As flexibility in-
creases, the ratio of the time to ultimate failure, to the time
to crack initiation, also increases.

Because the crack propagation simulation delineates the
stages of damage in terms of percent cracking in each portion
of the solder joint, it is possible to exploit the results to assist
in correlating crack appearance with assessments of fatigue
life. Two observations made as part of this study include:

(1) A distinct crack can first be visually detected on each
portion of the solder joint (heel, inner heel, inner toe and toe)
approximately the time the predicted fraction cracking (a/ay)
reaches 5 to 8 percent for that portion.

(2) A relatively consistent correlation between fraction toe
cracking and total separation was observed: after the fraction
toe cracking reaches S to 8 percent, approximately 20 to 30
percent of the solder joint service life is consumed.

Based on these two observations, a useful damage signature
for a solder joint with a gull-wing lead is as follows: when a
distinct crack line is clearly observed at the toe (generally as
a result of crack propagation from the heel along the side,
covering approximately 3/4 of the length), approximately 1/3
of the solder joint service life has been consumed.

Summary Discussion

In all of the cases in this investigation—including fast frac-
ture dominated by shear fatigue, and very slow propagation
with significant microstructural changes—the predictions of
total separation and stages of crack propagation are very close
to the experimental results. This good correlation is the result
of both careful modeling of the physics of solder failure, and
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careful calibration of the models against previous JPL exper-
imental test results.

Adding crack propagation and grain growth into the sim-
ulation model provides improved fidelity and visibility into the
fracture process, but at a modest price of slower computer
execution. The key change is that the crack propagation model
must be run until ultimate failure is reached, sometimes re-
quiring the simulation of thousands of thermal cycles. In the
conventional JPL simulation model, the run can be stopped
whenever a stable equilibrium strain range is reached; failure
is then projected using the conventional assumption of linearly
increasing damage with increasing numbers of cycles.

As seen in the included figures, the difference between the
conventional fatigue analysis and the full analysis with crack
propagation and grain growth is important, but not so large
as to invalidate the utility of the conventional analysis. One
of the most valuable features of the full analysis has proven
to be its ability to illuminate and calibrate the output of the
conventinal fatigue analysis.
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