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Investigation of Solder Fatigue Acceleration
Factors

L. R. FOX, J. W. SOFIA, anp M. C. SHINE

Abstract—Solder fatigue was investigated experimentally for effects of
the strain loading waveform in isothermal mechanical fatigue, and
frequency and strain range in true thermal cycling. Rapid strain loading
followed by a long hold period at constant strain was found to be very
damaging compared to constant rate cycling at the same peak amplitude
and period. Thermal cycle fatigue data showed a stronger dependence on
cycle period and weaker dependence on strain range than reported results
in isothermal mechanical fatigue. Implications of the experimental
findings are discussed with regard to solder joint fatigue and accelerated
life testing of leaded chip carriers. Isothermal mechanical fatigne testing
was carried out at room temperature with a custom torsional apparatus
having an optical serv&-loop for strain control. Mean joint compliance
change per cycle was used as a fatigue metric. Experiments were carried
out on 5/95 and 63/37 Sn/Pb solder joints. Mean stress in the solder
Joints was measured at 23°C and found to relax significantly after several
minutes. Thermal cycle experiments were carried out with an air
impingement apparatiis capable of cycling the test samples between 30—
110°C in periods ranging from 2 to 120 min. Ceramic chip carriers were
soldered to aluminum, zinc, and stainless steel substrates to permit
fatigue life data to be takem from 0.3-14 percent strain range. A
conventional crack criterion was used as the fatigue metric in the thermal
cycle experiments. A simple finite element model of a 68 post molded
leaded chip carrier (PLCC) was analyzed to examine expected stress
loading of the solder joints under typical operating conditions. Transient
thermal stress loading and low stress creep of the soider joint are
discussed in light of this model and known creep properties of solder. It is
shown that during typical operating cycles, the total creep strain can
account for the majority of plastic or nonrecoverable strain.

‘ INTRODUCTION
Scope

HE EMERGENCE of commercially viable surface mount

module technology has focused considerable interest on
the problem of solder joint fatigue in thermal cycling. The
operating environment of commercial computers typically
imposes cyclic thermal stress—strain loading on component
solder joints due to power dissipation. Fatigue damage in
solder is known to result from repeated thermal cycling, and
has received much discussion [1], [2]. Although solder fatigue
problems in leadless chip carrier systems have received the
bulk of attention, solder joint strains will also be present in the
leaded carrier. Thermal deformations following rapid power
on/off transients (minutes) will store elastic energy in the
compliant lead which can then drive creep strains in the solder
joint for long times (hours). Since creep rate and stress
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relaxation are stress and temperature dependent, care must be
exercised in choosing an appropriate method for accelerated
joint life testing in these systems. Much data for fatigue life
estimation remains to be generated, particularly for low strain
range thermal fatigue cycling.

This paper presents some experimental results on solder
fatigue concerning the effects of strain rate loading in
isothermal mechanical fatigue, and on frequency and strain
range variation in true thermal cycling. Rapid strain loading
followed by a long hold period at constant strain was found to
be very damaging compared to constant rate cycling at the
same peak amplitude and period. Thermal cycle data showed a
stronger dependence on cycle period and weaker dependence
on strain range than reported results in isothermal mechanical
fatigue. The mean change of joint compliance per cycle was
used as the fatigue criterion in the isothermal mechanical
fatigue tests, and found to correlate well with other observa-
tions. This method of testing is convenient in that fatigue to
ultimate fracture need not be carried out in all cases, thus
shortening test time in long running low strain experiments.

Stress-Strain Loading for Leaded Carrier

A simple finite element wedge model for periodic boundary
conditions was used to analyze solder joint stress in a typical
surface mounted plastic post molded leaded chip carrier
(PLCC) with 68 leads (Fig. 1(a)). The carrier was assumed to
be at the center of a section of FR-4 PWB 32 mm (1.25 inch)
square with adiabatic edges. Nominal. operating conditions
were assumed: power dissipation 1 W, moderate forced
convection at 2 m/s (400 FPM). Degraded airflow was
assumed between the carrier and the board, and on the board
bottom, with the following values of convective heat transfer
coefficient H (mW/cm?): carrier top and leads H = 2.4;
carrier bottom, PWB top (included under carrier) H = 0.8;
PWB bottom A = 1.6. A copper alloy leadframe with J-bend
external lead was assumed, having overall height (foot to’
shoulder) 2.5 mm (0.095 inch), width 0.71 mm (0.028 inch),
and thickness 0.25 mm (0.010 inch). To further simplify the
model, an angular form was used for the lead foot, which was
supported on a 0.051 mm (0.002 inch) thick solder joint on a
pad 0.76 X 1.8 mm (0.030 x 0.070 inch). For analysis of the
initial rapid loading stress, a low strain elastic model for solder
was used with modulus 8 GPa (1.16 MPSI).

Normalized steady-state isotherms and solder joint stress
contours are shown in Fig. 1(b) and 1(c). The transient
response is given in Fig. 2, showing that the maximum solder
joint equivalent stress tracks the mean lead frame temperature
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Fig. 1. Finite element analysis of surface mounted 68 PLCC solder joint
thermal stress. (a) Finite element wedge model. (b) Steady state isotherms.
(c) Steady state solder joint stress contours.
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Fig. 2. Thermal and thermal stress transient response on wedge model.

rise, attaining 50 percent of steady state value in about 2 min.
On the basis of the elastic model, this relates to a peak strain
loading rate for portions of the solder joint at 2.1 ppm/s, with
maximum steady state ‘‘elastic’’ strains 0.04 percent or less. It
can be seen that average steady state stresses are nominally 2
MPa (300 PSI), before significant creep or stress relaxation
occurs. The effective net thermal displacement of the lead top
relative to bottom is about 5 pm (0.2 mils) nearly parallel to
the pad, producing low stresses in the solder.

The Environment for PLCC Solder Fatigue

From the results of this simple model, one expects the initial
quasi-elastic joint strains associated with a surface mounted
PLCC with compliant leads to be very low, typically 0.02-
0.05 percent, depending on carrier size, lead dimensions,
thermal characteristics, and other factors. Larger stresses and
strains will certainly occur in corner located leads and are
sensitive in general to the conditions of board restraint and
component placement in actual modules, as has been discussed
elsewhere [22]. However the case analyzed here shows that
even very low thermal stresses developed during power
excursions are sufficient to cause significant creep in the
solder, particularly at the high temperature dwell, leading to
accumulation of additional joint strains. At 50-60°C and 2
MPa (300 PSI), the creep rate for eutectic Sn/Pb (63/37) is
0.1-10.0 ppm/s, depending on grain size distribution and
impurities, but is 1-2 orders magnitude lower at 25°C [3]-[6].

Creep will continually reduce the driving load imposed by
spring tension in the lead; 0.1 percent creep strain in 2 h
relieves about 50 percent of the initial net lead deflection due
to temperature change. The short duration thermal strain rate
due to power steps (2 ppm/s for 2 min) can be typically an
order of magnitude greater than the hot dwell creep rate (0.1
ppm/s), which could persist for a few hours.
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Thus, allowing for lead tension relief, under a mean load of
2 MPa, the total accumulated solder creep strain in 2 h at 50~
60°C, 0.25 ppm/s, would amount to about 0.1 percent in the
direction of load. Other larger components of effective creep
shear strain could be imposed due to the large joint length/
thickness ratio (1.8/0.051 = 35). Evidently the total accumu-
lated creep strain will be several times the nominal elastic
strains associated with transient loading. This is quite different
from the leadless carrier situation, where large forces due to
thermal expansion mismatch cause a rapid plastic deformation
of a few percent in the joint, amounting to essentially all of the
net displacement.

Consequently, the solder thermal fatigue cycle for a leaded
carrier can be pictured as one of rapid introduction of quasi-
elastic strains over 1-2 min followed by up to several hours
accumulation of additional strain by creep. There is a complex
interplay among strain rate, creep, and mean stress, against a
background of changing temperature. The mechanisms that
might contribute to solder fatigue under these conditions have
not been firmly established. It has been observed that grain
size tends to increase with temperature or strain cycling, or
both, with and without attendant decrease in fatigue life {2],
[71, 181, 120]. Cyclic grain boundary migration at less than 0.5
percent reversing strain has been observed in pure lead, and
associated with fatigue and recovery effects [9]. DeVore has
discussed the correlation of microstructural changes to fatigue
properties of several alloys. Creep properties of various
solders have been considered in relation to fatigue resistance,
with weak or inconsistent correlation, which may have been
due to the differing test conditions of strain range and
temperature {10], {4].

Available Fatigue Data

The majority of existing work on solder fatigue has focused
on relatively large strain, a few percent or more, although the
seminal work of Gohn and Ellis {11] and Eckel [12] covered
0.2-1.0 percent strain. Usually, quantitative strain controlled
fatigue data are taken in isothermal mechanical tests, for
example, the well-cited work of Wild [13]. Shaw and Kelly
found that high temperature dwell was an important fatigue
accelerator in 95/5 Pb/Sn [14], and heuristic arguments for
temperature factors were given by Norris and Landzberg
together with a limited amount of data [15]. Engelmaier has
given an expression for adjustments to the fatigue exponent for
moderate changes in test conditions [1].

The relation between strain-controlled isothermal fatigue
and thermal cycle fatigue data needs to be put on firmer
ground for both large strains (eg., >1 percent, leadless
carriers), and low strains (eg., <1 percent, leaded carriers).
In addition, for the leaded carrier situation, the effect of
complex strain rate loading needs to be understood in relation
to thermally activated damage mechanisms that operate over
cyclic reversal of low strain, finite stress, and creep.

IsoTHERMAL MECHANICAL FATIGUE EXPERIMENTS

Differential thermal expansion across a direct solder inter-
connect joint causes a deformation of the joint. In the case of a
“‘bumped’’ flip chip, the expansion is symmetrical about the
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chip center with the shear displacement within the planar array
of solder joints proportional to radial distance from the chip
center. In the case of leadless chip carrier having a peripherial
interconnect array, the shear displacement of the joints is also
radially proportional and symmetrical. The similarity between
this thermally induced shear displacement and that produced
by a pure rotation of the chip or chip.carrier about the planar
center provides a convenient means of mechanically simulat-
ing the effect of thermal expansion mismatch [16]. A precision
torsional apparatus described below was used to conduct
isothermal shear strain mechanical fatigue tests.

Experimental Apparatus

Fig. 3 shows the tofsional apparatus mechanical plant,
details of specimen mounting, and the system block diagram.
A frameless aerospace torque motor was used as the mechani-
cal power source. The rotor is directly coupled to a chuck
which grips the chip or chip carrier. The coupling between the
rotor and output shaft incorporates a circular spring diaphram
with a central hub for attachment of the output shaft. This
bronze phosphor spring diaphram provides axial compliance
of about 0.27 gm/mm (0.015 Ib/inch) with stiff torque
coupling between the rotor and specimen chuck. This compli-
ance is desirable for setup as well as to accommodate thermal
expansion occuring during the course of the experiment from
slight changes in room temperature. The entire motor is
mounted on a damped optical table with vibration isolation
mounts.

The fixed base of the specimen is attached to the table with a
custom clamp which is supported by a vertical microposition-
ing stage for fine adjustment during setup and for axial force
control. The chip or chip carrier fits snugly into a recess in the
chuck where it is bonded with epoxy.

Rotational motion to produce 1-5 percent shear strain
ranges are on the order of arc minutes. To accurately measure
these displacements, a laser extensiometer was employed. Fig.
3(b) illustrates this technique. A low power HeNe laser beam
is collimated and focused into a converging beam which
impinges upon an optically flat, reflective surface on the
specimen chuck. The converging beam extends to a lateral cell
electrooptic position sensor. Rotation of the chuck causes
angular deflection of the beam path; the motion of the beam
focal point on the face of the sensor is registered electrically.

Fig. 3(c) illustrates the simple proportional inner closed
loop which provides rapid command tracking. The source of
commands for this loop is determined by the experimental
protocol. The feedback position was in all cases computer
recorded through a DAC. The universal digital/analog inter-
face employed was an HP 3497A data acquisition unit with
installable modules for analog to digital and digital to analog
conversion as well as versatile channel selection and data
storage capabilities.

Strain control was 1mplemented by using the detected laser
beam position to generate an error signal relative to a
selectable set limit of angular displacement. Real-time track-
ing of the error signal within the command loop was used to
continually adjust motor torque to maintain torsional oscilla-
tion with fixed amplitude.
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Fig. 3. Torsional apparatus for solder joint isothermal mechanical fatigue.
(a) Torque apparatus physical plant. (b) Sample chuck and optics. (c)
System block diagram.
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Sample Preparation

Both bumped chips and 16 I/O leadless ceramic chip
carriers were used as study systems in deference to experimen-
tal convenience and precision of solder joint fabrication. Both
samples were of comparable size and total joint array torsional
compliance, typically 2-4 mrad/N-m.

The 6.6 X 6.6 X 0.6 mm bumped chip was specially
constructed for purposes of such tests, and contained 400
bumps of 95/5 Pb/Sn, on a 0.25 mm pitch 20 X 20 rectangular
array. The chip was soldered under nitrogen flip-chip style
with rosin mildly activated (RMA) type flux to a cofired
tungsten—alumina ceramic substrate with matching pad array.
After joining of chip and substrate, the nominally cylindrical
solder bumps measured 0.15 mm diameter by 0.08 mm height
(6 X 3 mils). The rigid ceramic carrier with attached chip was
clamped in a rigid fixturing vise. Fig. 3(b) illustrates the set-
up. i
The 16 1/O ceramic chip carrier, 7.6 X 7.6 mm (0.3 X 0.3
inch), had solder pads approximately 0.64 X 1.0 mm (0.25 X
0.40 inch) of similar construction. These samples were surface
mounted to 70 X 70 X 1.6 mm test coupons of ordinary FR-
4, using 63/37 Sn/Pb solder paste and vapor phase reflow.
Carriers were pretinned by solder pot dipping to remove most
of the pad gold flash. The resulting solder joints, defined by
the pad dimensions above, had typical heights 0.1 mm (0.004
inch). The assembly was securely clamped with a cutout hold
down plate to a rigid stainless steel platform.

Mechanical Fatigue Experiments

A number of strain controlled fatigue experiments were
conducted at room temperature (23°C) using bumped chip
specimens, at cycle periods of 2, 10, 20, and 40 min. Two
types of displacement or strain waveforms were used, a
constant strain rate ramp (triangle wave), and a fast loading
“‘square”’ waveform, shown in Fig. 4 for a 10 min period.
Peak motor torque, obtained from the drive voltage, was
recorded at each cycle of the test. At fixed strain, this data was
proportional to the solder joint array average stiffness. Fig. 5
plots the observed relative stiffness change with number of
cycles for several samples at 3.5 percent shear strain. The
stiffness, which varies individually, and depends on strain
rate, is normalized to the starting initial values. Shown are
three typical tests at 2, 10, and 20 min periods with the
constant rate ramp wave. Data at the 40 min period are not
shown to avoid clutter. Experience showed that the stiffness
change was fairly linear below about 80 percent. Table I
shows the mean stiffness reduction per cycle in the linear
region for these data, which can be reasonably well fit by a
relation of the form

REDUCTION/CYCLE = (PERIOD) %45

This is consistent with findings by others concerning the
effects of changes in cycling frequency [13], [11], [16]. The
linear stiffness reduction per cycle should be inversely related
to the number of cycles to failure using mechanical criteria.

A much greater decrease in stiffness per cycle was found
when the square wave strain cycle was used, while keeping the
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Fig. 5. Isothermal mechanical fatigue data for 95/5 Pb/Sn bumped chip.

TABLE 1
FATIGUE DATA 95/5 Pb/Sn AT 23°C, 3.5 PERCENT SHEAR STRAIN

Period (minutes) 2 10 20 40

Reduction/CY x 1074 3.0 8.6 9.7 13.7

period fixed at 10 min, as indicated in Fig. 5. Fig. 6(a) shows
more detail of this experiment, in which the square wave was
initially applied for about 30 cycles, causing a net reduction to
about 50 percent. Following this, the 10 min ramp was applied
at the same strain range, after a 55 h holiday weekend
interruption of the test (indicated by a break in the data plot).
Upon resumption with ramp cycling, there was a period of 10-
20 cycles of settling from a higher stiffness, possibly related to
recovery effects, but more probably to the change in strain
rate. After this, the reduction per cycle decreased markedly,
and remained so for 150 cycles of ramp. Upon reapplication of
the square wave with test interruption of a few minutes, the
reduction rate again increased markedly. At about S percent
initial stiffness, the solder failed.

The effects of waveform were also investigated for 63/37
Sn/Pb solder, using the chip carrier specimen. Data from this
test are shown in Fig. 6(b). Again, the per cycle decrease in
stiffness was found to be much greater with the square wave
than the ramp. The square wave was not reapplied after ramp
cycling due to accidental breakage of the sample on restart.

Stress relaxation during the hold portion of the square wave
was observed with both solder types, as shown by the example
in Fig. 7 for 63/37. Following the fast strain rate load, the
stress relaxes for the duration of the hold portion of the cycle
to about 64 percent of the peak value. :

THERMAL CYCLE FATIGUE EXPERIMENTS

To investigate frequency and strain range effects on fatigue
in thermal cycling, a forced air impingement apparatus was
used to temperature cycle test specimens between 30~110°C at
periods of 2-120 min. The set-up is illustrated in Fig. 8.
Specimens were prepared by surface mounting conventional
29 X 29 mm 84 I/O ceramic leadless chip carriers to 80 X 80
mm substrates of several varieties: zinc, aluminum, and type
410 stainless steel. Thermal expansion coefficients of these
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materials were taken as 28, 24, and 9.9 ppm/°C, respectively,
for the metals, and 6.5-7.0 ppm/°C for the ceramic. Soldering
was accomplished by a typical vapor phase reflow of screened
solder paste. Measured joint heights together with relevant
mechanical data wére used to compute the mean thermal shear
strain range of the solder joints, allowing for bending of the
carrier and substrate. Failures were counted as 25 percent
crack width visible under 70 X magnification.

Thermal fatigue data of these experiments are shown in Fig.
9. For purposes of comparison with published data on
isothermal fatigue, a liberal interpretation of some of Wild’s
data is also shown in Fig. 9, with adjustments made for the
differences in fatigue criteria [13]. Wild’s data show an
increasing divergence between lifetime data obtained using
observable crack versus electrical resistance criteria. The
crack defined failures show an increasingly early onset relative
to electrical resistance failures as the strain range is decreased.
The crack-resistance offset at 4 percent, the lowest strain
range for which both data are shown, was applied to strain and
frequency interpolated data of [13, Table IV]. A power law
dependence on frequency was.assumed. The comparison of
fatigue lifetime data obtained with differing failure criteria is
tenuous, but it may be useful to compare such data for trends,
if not absolute magnitude.

The data of Fig. 9 indicate that the decrease in lifetime with
lowering frequency seems to be greater in the thermal cycle
tests of these experiments compared to isothermal mechanical
cycling, although the comparison with Wild’s data is indirect.
Also, the lifetime data obtained with the stainless steel
substrates at approximately 0.3 percent strain range are
comparatively quite pessimistic based on the modest increase
in lifetime for more than an order of magnitude lower
(computed) strain. The present data are partially at variance
with other reported findings of Engelmaier [23], yet are
partially supported by the data of Lake and Wild [24].
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DiscussioN
Isothermal Fatigue Data

For both the 95/5 and 63/37 solders, the fatigue rate in the
fast loading square wave was considerably greater than during
the constant strain rate ramp, at fixed strain range. It appears
that the damage acceleration correlates in part with the
increased strain rate during the loading portion of the fixed
period. Thus, for a 12.1 X increase in peak strain rate, the
fatigue rate of the 95/5 sample (Fig. 6(a)) increased 56 X , and
for the 63/37 sample (Fig. 6(b)), 19.5 X%, for a fixed 10 min
period. However the peak strain rate in the 10 min square
wave is only 2.6 times the strain rate in the 2 min ramp, yet the
fatigue acceleration is 67 X .

This suggests that events during the hold period folowing
rapid loading are contributing significantly to fatigue. During
this period, significant stress relaxation takes place, as
indicated by Fig. 7. Becker found similar acceleration in
unidirectional fatigue relaxation time tests, though these were
not strain controlled [17]. The strong temperature dependence
of solder creep, stress relaxation, ductility, etc., indicate that
temperature effects on these findings could be considerable,
even to the point of inversion (see, for example, [18], [21]).

Thermal Fatigue Data

Thermal cycle data in Fig. 9 point to two effects warranting
further work: 1) the frequency dependence in thermal cycling
may be stronger than for isothermal fatigue, as can be seen by
comparison with the Wild data; 2) the increase in lifetime with
decreasing strain may be much weaker at very low strains.
More data are required to complete the picture here, but the
present results are not completely at variance with other work,
which for the most part do not straddle the 1 percent strain
regime. Application of Manson-Halford strain range partition-
ing to solder at low strain and low frequency thermal cycling
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has been used to show that accumulated creep per cycle may
accelerate fatigue under these conditions [19].

SUMMARY

Analysis has shown that solder joint stress loading in the
leaded carrier is sufficient to cause significant creep under
operational conditions. Transient thermal strain rate loading is
typically an order of magnitude greater than the subsequent
creep rate at low level stress, yet contributes a smaller portion
of the total integrated strain.

A sensitive experimental technique for examining solder
fatigue through compliance changes has been developed.
Comparison with available isothermal mechanical fatigue data
is good.

It has been found that rapid strain loading followed by a
stress relaxation hold period is much more damaging in fatigue
than constant strain rate loading and unloading. Present results
are for 23 C, 24 percent shear strain.

Thermal cycle fatigue data covering 0.3-17 percent shear
strain, 2-120 min period, show stronger frequency depen-
dence than isothermal fatigue data. A diminishing lifetime
improvement was indicated for strains less than 1 percent in
thermal cycling.

CONCLUSION

Lifetime estimations and fatigue acceleration test design for
low strain leaded carrier systems must consider the effects of
complex strain and temperature loading on test results and
extrapolations. Transient thermal strain rates during loading
are typically 10X the subsequent creep rate at low stress. The
experimental data presented here suggest that both transient
loading and integrated creep strains during stress relaxation
must be considered in estimating fatigue damage.

Further work is required to discover the details of the

dependence of fatigue on strain loading history and tempera-

ture, and the magnitude of such effects at strains less than 1
percent.
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