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LOW CYCLE FATIGUE OF SURFACE MOUNTED
CHIP CARRIER/PRINTED WIRING BOARD JOINTS

H.D. Solomon

1. INTRODUCTION

The surface mounting of chip carriers (CCs), devices which hold the Si integrated
circuit chips, has several advantages over the older process of soldering chip carrier
leads into plated-through holes. Surface mounting entails soldering directly to lands
on the printed wiring board (PWB). This reduces manufacturing costs, takes up less
PWB space, and can be easily automated [1]. There is, however, an increased thermal
fatigue problem with this type of attachment. This is especially true for leadless chip
carriers where the chip carrier is soldered directly to the PWB. With no lead to take
up the thermal strain developed by the difference in the coefficient of thermal expan-
sion between the chip carrier and printed circuit board, surface mounted leadless chip
carrier joints are particularly prone to thermal fatigue failure. This thermal fatigue re-
sults from the mismatch strain developed when the CC/PWB is thermally cycled.
This problem has initiated a considerable amount of research into the fatigue of this
type of joint [1-10]. One approach is to mechanically cycle these joints rather than
producing the strains which cause failure by changing the temperature. This is the ap-
proach followed here —fatigue failures were produced in actual CC/PWB joints by
mechanically cycling, at 35 °C, at different displacement levels.

2. EXPERIMENTAL PROCEDURE

2.1 Test Specimen Design and Production

Since a critical part of this program was to determine the behavior of CC/PWB
joints, it was necessary to test actual joints made by typical processing techniques. The
left hand side of Figure 1 shows the 4410 leadless chip carrier (Keocera #PB-81840)
that was utilized. Typically, an Si device is soldered into the central well and attached
to the inner pads by wire bonding; then a lid is soldered on the upper layer gold-plated
square. In these experiments, however, no device was utilized in the chip carrier. In-
stead, a Cu return path plate was soldered to the inner pads, shorting them all togeth-
er. A chip carrier with this Cu return path plate is also shown in Figure 1 (next to the
as-received chip carrier). A hole was drilled into the Cu plate, and a Cu wire soldered
to the plate and chip carrier. This soldering was done in conjunction with the solder-
ing of the Cu plate to the inner chip carrier pads in a N, box on a hot plate. A 96.5
Sn/3.5 Ag eutectic solder was employed because it has a melting point of 221 °C, and
thus it remains solid during the subsequent soldering of the chip carrier to the PWB,
which was done at a lower temperature. A 1/8 in. (3.175 mm) thick glass polyimide
PWB was utilized. Two ounce Cu was used to produce the circuitry shown in Figure
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1. A 0.002-0.003 in. (0.05-0.076 mm) solder mask (Dynachem DM) was put down
over those areas that were not to be soldered.

Figure 1 (right-band side) shows the chip carrier soldered to the printed circuit
board. Only two opposite sides of the chip carrier have been soldered to the PWB
(rather than using all 4 sides). Figure 2 shows a close-up of one of these two rows of
joints. Each side of the CC contains 11 pads, so a total of 22 joints were made attach-
ing the CC to the PWB. All of the joints discussed here were made by the vapor
phase process in an HTC batch vapor phase unit operated at 423 °F (217 °C). The
joints were made from Sn63 (63 wt% Sn/37 wt% Pb) solder paste (o metals lot
#60523219), containing 90% solids and RMA384 flux. A 0.010 in. (0.025 mm) thick
stencil was used when the paste was applied.

The paste was cured 1 hr. at 80 °C prior to the vapor phase soldering. A 30-second
dwell in the primary temperature region (217 °C) was used to flow the solder, and a
3-minute dwell was used in the secondary region which was kept at 260-280 °F (127-
138 °C) where the solidification took place. Final cleaning was done in Freon TMS.
Prior to the soldering operation, both the chip carriers and printed wiring boards were
pre-tinned by solder pot immersion with Sné3 solder.

2.2 Mechanical and Electrical Testing

The test board is inserted into slotted grips as shown in Figure 3. Spacer shims are
used to position the solder joints so that they are at the center of the grip. This elimi-
nates bending. It was not sufficient to just position the solder joint at the load line. A
slotted grip is also necessary to symmetrically apply the load. In some preliminary
tests, one or two specimens were bolted on the outside of a solid grip. In some tests,
two specimens were used on the opposite faces of the grip, while on others, only a sin-
gle specimen was used on one face. A few tests were also run with special asymmetric
grips. Here the specimen was located at the load line, but the load was applied asym-
metrically. These alternate gripping arrangements subjected the joints to varying de-
grees of bending; hence, they were replaced by the arrangement shown in Figure 3,
which does not bend the joints to any significant degree. The results obtained with
these alternate grips will be mentioned to show that, at least with the bending move-
ments studied, bending does not appear to significantly influence the fatigue life.

The PWB has a slot under the chip carrier (see Figure 1). After the board is bolt-
ed into the grips, a carbide “Dremel” tool is used to enlarge the slot and separate the
PCB into two sections. The cutting tool rotates at 30,000 rpm and the testing machine
maintains a zero load throughout the cutting operation. To minimize any possible
stresses being applied during the cutting operation, a steel backing plate is bolted to
each grip half prior to cutting apart the PWB. The cut PWB is shown in Figure 4.
Also shown in Figure 4 are the connectors that allow the resistance of each joint to be
measured and the attachment to the Cu return path plate.
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Figure 2. Close-up of one row of joints in the CC/PWB assembly.




Figure 3.

Test assembly in slotted grips.




Figure 4. Final assembly with two extensometers to measure the displacements across
each row of joints.




The displacement applied to the solder joints is measured by means of a clip-gage
extensometer. Two methods were employed. In early tests, a single clip-gage was at-
tached to the grips, across the chip carrier. The attachment posts are shown in Figure
3. In most tests, a more elaborate setup was employed. A yoke (held in place with set
screws) was placed around the chip carrier. Two extensometers were employed with
the yoke. One measured the displacement from the yoke across the top row of solder
joints, and the other measured the displacement across the bottom row of joints. The
yoke and extensometers are shown in Figure 4 and schematically in Figure Sb. Figure
5a shows the side view of the cut PWB prior to the yoke and extensometer attach-
ment.

The load cell and extensometers provide the information about the load and dis-
placement being applied to the specimen. An example of this load-displacement
behavior is shown in Figure 6. Four types of hysteresis loops are shown in Figure 6.
The applied load is shown vs. the T +B displacement (i.e., the sum of the extensome-
ter displacement across the top (T') and bottom (B) row of joints), vs. the T and B dis-
placement separately and vs. the plastic component of the T +B displacement. The
plastic displacement is determined by subtracting out the linear load-displacement
component from the T +B displacement. This is done with an analog plastic strain
computer. The plastic displacement signal A,, is given by

A = Diowt(T +B) -KP [1]

where A,/ (T +B) is the sum of the output of the A and B extensometers, P is the
applied load, and X is a constant which depends upon the elastic properties of the
solder joint and the elastic properties of the PWB and CC. The plastic strain com-
puter is adjusted for variations in K such that A, = O for small, elastic, load excur-
sions. The straight lines on the left-hand side of Figure 6 show load-Ar and load-A,
lines for such a load excursion.

The possibility that the observed non-linear load displacement behavior could be
due to non-solder behavior was checked by straining an unseparated PWB which did
not contain a chip carrier or slit. This board was loaded at room temperature to +
100 Ib with no non-linear strains being produced. The elastic modulus measured from
the observed load displacement slope was 1.7x10° psi which, while lower than the
expected value of about 3x10° psi, is not unreasonable. The handbook elastic modulus
values range from about 2.5x10° psi to 3.5x10° psi, but variations in the fiber content
and strain rate may increase or decrease measured modulus outside this range. The
higher the glass content and the greater the strain-rate, the greater will be the
modulus. Modulus measurements made by measuring the velocity of sound or
mechanically cycling at high frequencies should be expected to be higher than those
measured here, where a relatively low cycling frequency of 0.3 Hz was employed. A
small amount of bending may also contribute to this lower measured modulus.
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Figure 5. Schematic showing the test assembly. (a) Without the yoke and extensometer,
and (b) with yoke and extensometers.
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The experiments described here were run with fully reversed plastic displacement
limits, under total displacement feedback control. The crosshead motion was con-
trolled by the A7r(T +B) signal and was reversed when a predetermined level of plastic
displacement (+p) was reached (i.e., at a plastic displacement limit). The crosshead
motion continued in this reversed direction until the other plastic displacement limit
(-p) was reached, whereupon the crosshead was reversed again. The absolute values
of the plastic strain limits were equal, i.e., +p = |-p|so that the cycling was fully re-
versed about a mean of zero plastic displacement. Figure 6 shows experiments where
the plastic displacement range A, (i.e., the hysteresis loop width) was,

A, =p+|p | =41x10%n.(1.04 x 102mm) [2]
The cycling frequency was kept at about 0.3 Hz.

Figure 6 shows that the load range required to produce the plastic strain range A,
decreased with cycling. This load drop is indicative of fatigue cracking [2]. The load
drop illustrates the average cracking, averaged over all 22 joints being tested.

The test was stopped periodically and the resistance on each joint was measured
individually, thus revealing the cracking behavior of each joint. The resistance was
measured by passing a 0.100 A current individually through each joint and individually
measuring the voltage drop. The voltage drop was measured by an HP Model 3456A
DVM operated by an HP 3497A Data Acquisition and Control system under the
overall control of an HP 9000/300 computer. The system feeds current through one
joint for one second, then reverses the current flow for another second before switch-
ing current to the next joint. The reversing of the current is done to average out ther-
mal EMF's. The current is fed through the thick leads (see Figure 1) to the PWB pad,
through the solder joint, through the conductive metallization in the chip carrier, to
the Cu return path plate, through the wire soldered to the plate, to a connection with
the power supply. The voltage drop was measured through the thinner leads to the
same PWB pad, as the current is flowing through the solder joint, chip carrier, Cu
return path plate, lead wire, and then to the DVM. The DVM averages the voltage of
the last 0.8 second of each one-second scan. The first 0.2 second is disregarded to
allow for transients to settle out. The current was determined by measuring the volt-
age drop through a calibrated precision resistor. The current was measured before
and after measurements were made on each row of joints, and the average current
was used in calculating the resistance from the individual voltage drop measurements.
The voltage drop through a dummy specimen, placed within the test chamber, was
also made so that the resistance change due to temperature changes could be
corrected for. Table 1 shows the results of a typical resistance scan. In this case the
test was stopped after 207 cycles. By this time the load had dropped by 80.9%. This
was the seventh time the test was stopped for a resistance measurement. Table 1a
lists the printout displayed at the time the measurements were taken. Table 1b lists
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the printout summary after the test has been completed. The left-hand column lists
the joint number from the top 1-11 to the bottom 1-11 (the prefix R is a hold-over
from an early set of experiments where two PWB’s were tested and the set of connec-
tors being employed was used on the right-hand specimen).

Table 1a lists the voltage drop for each joint and the ratio with the first measure-
ment (from Scan #1). Also shown are the measured current and the ratio with the
value obtained on the first run (Scan #1). The voltage for the dummy and the ratio
with the first measurement are also shown. After each scan, the voltages are convert-
ed into calculated resistances (by dividing by the average of the current measured be-
fore and after each group of voltage measurements). These resistance measurements
are printed out after the test is completed, as shown in Table 1b. The resistance, resis-
tance ratio with that measured in Scan #1 for that joint, and the ratio of the ratios of
the joint resistance and dummy are listed in the printout for each scan.

Table 2 is a summary of the data for each joint and each scan. Here, the scan
number (Sc), cycle number, load drop, and the ratio of resistance ratio and dummy ra-
tio minus 1 are shown. To accommodate all the data, the resistance ratio data is
shown rounded to only four significant figures. When actually working with the data,
the more accurate data for each individual scan is used (see 1b). A change in resis-
tance of 1x10™* can be resolved. With a resistance of approximately 0.1 ohm this
means that approximately 10x10® ohms can be resolved.

The load drop and resistance increase for the hysteresis loops of Figure 6 and re-
sistance measurements of Tables 1 and 2 are shown in Figure 7. Here, 1-(AP/AP ax)
and (R /R, /Rp/Rp,)-1 are shown vs. the cycle number, where AP is the hysteresis
load range at cycle N, AP 4 is the maximum hysteresis load range, R /R, the ratio of
the resistance at cycle N to the initial resistance, and Rp /Rp, is the ratio of the resis-
tance of a dummy joint at cycle N to the initial dummy resistance (this term corrects
for temperature change variations in R). The load drop term varies from zero at
AP = AP, to 1 when AP = O. This resistance parameter varies from zero at
R =R, and Rp = Rp, to a maximum value of about 25, reached when an open cir-
cuit is produced (at an open circuit, a 25 volt system compliance voltage is read rather
than an infinite voltage because of the infinite resistance).

The resistance change for the three joints showing the largest change, the joint
showing the median change, and the joint showing the least change are all plotted.
This sort of plot was made for each experiment, and from it the fatigue life, as deter-
mined by several criteria, was determined. The criteria of 25%, 50%, 90% and 100%
drop in load were utilized, as were resistance increases (for the joint showing the
greatest increase) of 0.02%, 0.05%, 0.1%, 1%, 10.0%, 100%, and 10x. In most experi-
ments (but not the one illustrated in Figure 6), the test was continued until the load
dropped by at least 90%, and one joint exhibited at least a 100% increase in resis-
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Table 1
Results For A Typical Resistance Scan

(a) Printout Display Given During the Test

SCANS= 7 14 Oct 1986 15:02:02
CYCLE NUMBER = 207 LOAD DROP = .B@S

CURRENT = .10035 AMPS---- 1/10 CURRENT= 1.00003
RT! .@1379240 VOLT (V/VR) = 1.000@54518
RT2 .91187200 VOLT (U/VR) = 1.0005032t
RT3 .01115415 VOLT (V/VR) = 1.00049636
RT4 .01816185 VOLT (V/VR) = 1.00052399
RTS .@1001535 VOLT (V/VR) = 1.00053144
RTE .00994360 VOLT (V/VQ) = 1.00043430
RT?7 .@1015160 VOLT (V/V0) = 1.00042096
R78 .81002790 VOLT (U/VR) = 1.00036114
RTS9 .@1081330 VOLT (U700) = 1.00037277
RT10Q .01181328 VOLT (V/VQ) = 1.0003973)
RT11 .91314565 VOLT (V/7VR) = 1.000422395

CURRENT = .10035 AMPS---- 1/1@ CURRENT= 1.00003
RB! .0142970S VOLT (U/VR) = 1.00164789
RB2 .@1265505 VOLT (V/VQ) = 1.00120663
RB3 .Q1167725 VOLT (V7VR) = 1.00122094
RB4 .01094582 VOLT (U7VR) = 1.02155837
RBS .01055299 VOLT (V/VR) = 1.001387393
RBbG .91053410 VOLT (V/V0) =~ 1.00195080
RB7 .01063310 VOLT (V/V0) = 1.00293124
RB8 .01934180 VOLT (V/VB) = 1.00246276
RB3Y .9122116@ VOLT (V/V0) = 1.01242732
RB1D .01553635 VOLT (U/V0) = 1.04898277
RB11 .86207355 VOLT (U/VR) = 3.81706075

CURRENT = .18035 AMPS---- 1/10 CURRENT= 1.00003
pumMMy .81618 VOLT (V/7VR) = . 99934

(b) Final Printout Given at the End of the Tests

SCANS= 7 CYCLE &~ 207 LOAD DROP= .B809S TEMP.=~ 34.8 DEG. C
R R/Ro R/Ro/R0/R00
RTY 1374 1.000S5 1.0006
RT2 .1183 1.0004 1.000S
RT3 1112 1.0004 1.00085
RT4 1013 1.0005 1.0006
RTS .03938 1.0005 1.0806
RT6 .83991 1.0004 1.0005
RT? L1012 1.0004 1.000S
RTS8 .0939 1.0003 1.0004
RTS .1078 1.0003 1.0004
RTI1O L0177 1.0003 1.0004
RTI! L1310 1.0004 1.0005
RB1 . 1425 1.0016 1.0017
RB2 . 1261 1.0012 1.0013
RB3 .1164 1.0012 1.8013
RB4 .1031 1.0015 1.0016
RBS . 1052 1.0013 1.0014
RB& . 10S6 1.0019 1.0020
RB? . 1060 1.0029 1.003Q
REs .109¢ 1.0024 1.0025
RB9 L1217 1.0124 1.0125
RB810 .1548 1.0489 1.0430
RB1! .61886 3.81869 3.8172
OuUMNY 1 . 160962189782 RO/RDo= .999906228886

12
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Table 2
Summary For All Scans

SUMMARY OF SPECIMEN & G6EU-9/25/85-8B1R

OATA STORED
SC CYCLE LOAD

e.000
.388
.52e
.596
.681
.750
.B09

LOAD

0.000
.388
.528
.586
.681
.7508
.8089

S0 OHOG

RT
.boe
. 000
. 000
. 000
. 000
.000
.000
RB1
. 000
.ece
.001
.00
.01
.80
.002

[ .-

AS FILE NAME 221 ON DISK

RT2
.000
. 000
.000
. 000
.000
.00e
.000
RB2
. 000
.00
. 201
.o
.0e1
.001
. 901

5908486

[~

RT3
.000
. 000
.000
.00
.goe
.00e
.000
RB3
. 200
. 000
.00
. 201
.81
. 001
. 001

o6

RT4
. 000
. 000
. 0002
.000
. 000
.00e
.000
RB4
.e00
.00
.001
.00t
.001
.001
.202

[~

RTS

. 000
.000
. 000
. 000
. 000
. 000
. 200

RBS

. 000
. 000
. 000

001

.001

oo

.00t
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RT6
2.000
2.000
2.000
0.000
0.000
2.000
0.000

RB6
0.000
2.000
2.000

.00!
.00
. 00!
.002

14 Oct

RT7
0.200
0.000
0.000
0.000
0.020
.00
0.000

RB7
0.000
2.000
@.200

.001
.01
.002
.003

1986-15:

RT8
.00¢
.900
.000
.000
.00e
.000
.000

RB8
2.000
0.000
@.000

. 001
.01
. 002
.00z

2SO0 Q

[~ - ]

RTS
.00¢
.200
. 000
.000
.g00
.200
.0ee
RBY
.00e
.200
.goe
. 001
.002
. 2086
.012

06:25

RT10
0.020
8.000
@.000
Q.000
0.00¢
0.000
0.000

RB1Q
9.000
0.000

. 001

.001

.002

.805

.048

RT 11
.000
.00
. 000
.000
.000
. 200
.000
RB1N
@.000
0.000

.01

.001

.0e2

.012
2.817

[~ B~ B I S
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tance. Where the test was stopped short of this level, the data was extrapolated to the
closest failure criteria. For instance, if the maximum resistance increase was greater
than 5% but less than 10%, the data would be extrapolated to enable the determina-
tion of the number of cycles for a 10% resistance increase but not further. If the max-
imum resistance increase was less than 5%, then an extrapolation to 10% would not
be made.

2.3 Choice of Control Limit Variable

Several choices could have been made to establish the variable to use to limit the
fatigue cycling. The tests could have been run with load limits, i.e., cycled to a particu-
lar load, then reversed to reach another load limit. The tests could have been run with
total displacement limits. Instead, plastic displacements were employed. This choice
was dictated by the nature of the actual sort of fatigue cycle a solder joint experiences
and by features of the experimental setup. Load limits are easy to apply and are
justified in many applications but not in situations where thermal fatigue is important.
Thermal fatigue results from the thermal mismatch between the chip carrier and
PWB. This mismatch applies a displacement to the solder joint so a displacement lim-
it is most appropriate to develop data to describe this sort of fatigue.

Since the solder experiences the application of a displacement, it might be expect-
ed that a total (elastic plus plastic) displacement would be the most appropriate type
of limit to use. It is not for two reasons. The magnitude of the elastic strain that the
solder experiences is dependent upon the rate of straining. Solder is a viscous material
and the strain rate dependence of the flow stress is large [3,4]. At the high strain rates
employed in these tests, the elastic strain is larger than that applied at the slower
strain rates generally experienced during a thermal fatigue cycle. If a total displace-
ment limit were used, then the amount of plastic displacement, which produces the fa-
tigue damage, would vary with the applied strain rate. To overcome this, the plastic
displacement was chosen as the control limit.

The choice of plastic displacement as the control limit was also necessitated by
changes in compliance that occur throughout the test. If the total displacement is used
as the control variable, then as the load drops throughout the test the amount of plas-
tic displacement increases to compensate for decreases in the elastic displacement.
The degree to which this happens depends upon the amount of machine elastic strain
being measured. If no machine elastic displacement is measured, then the compliance
change self-corrects and the plastic displacement remains constant even if the total
displacement is used as the control limit [2]. If, however, the machine elastic displace-
ment dominates, then all of the elastic displacement will be converted into plastic dis-
placement when a total displacement limit is employed [2]. An intermediate situation
exists in these solder joint experiments. The average compliance (displacement/load
measured in the elastic range) is 7.20 + .21x10°® in/Ib. This compliance is made up of
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four contributions: elastic solder displacements of both rows of joints, PWB displace-
ments, CC displacements and testing machine contributions (i.e., measured bending).
The elastic measurements, discussed previously, on PWB’s which have not been split
apart yield a PWB and machine contribution to the total compliance of about 1.5x10° 7
in/Ib. The calculated compliance contribution of the CC is about 8.3x1077 in/Ib.
Thus, 2.33x108 in/Ib of the measured compliance is not due to solder deflections.
This means that 4.87x10 in/Ib is due to the solder or that the measured compliance
of 7.205x10¢ in/Ib is about 68% due to the solder. This is a higher contribution than
was found in previous tests [2].

The high solder contribution to the measured compliance presents some problems
because as cracking continues, the compliance increases (because the solder load
bearing area decreases) but the control compliance is not increased. This, as illustrat-
ed in Figure 6, causes the control plastic strain to decrease. (As the compliance in-
creases, the plastic strain computer is not subtracting out all of the elastic displace-
ments. As this elastic contribution increases, the plastic contribution decreases be-
cause the control variable is being kept constant). This effect is mitigated by the fact
that only about 68% of the compliance is due to the solder and the non-solder contri-
butions do not change. Additionally, in a typical experiment, the fatigue cracking is
confined to only one row of joints, so the compliance change will be only one-half that
if both rows cracked. The net effect of these factors is that only about 34% of the load
drop should contribute to this decrease in plastic displacement. The higher the plastic
displacement limit, the less important is any contribution of changes in this limit due
to the compliance change caused by the load drop. The decrease in plastic displace-
ment only becomes significant when small plastic displacement limits (less than about
5x10* in. (1.27x102 mm)) are employed and the load decreases by more than one-
half. The data has been corrected for this effect, as will be discussed later. If total dis-
placement limits were used, then 66% of the load drop would have contributed to a
plastic displacement increase and the influence of the compliance change would have
been twice as great as was encountered here, where the plastic displacement limit was
employed.

3. RESULTS AND DISCUSSION

3.1 Joint Cracking Behavior

Figure 7 shows that as the fatigue cycling continues, the hysteresis load decreases
(Figure 7 uses a dimensionless function which increases from 0 to 1 as the load de-
creases) and the joint resistance increases. These changes are due to the development
of fatigue cracks in the solder joints. Before we consider the correlations of the load
drop and resistance increase with the applied displacement range, it is necessary to
consider the metallographic and optical record of the joint cracking behavior.
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While most of the fatigue tests were run until the load dropped by about 90% or
the resistance increased appreciably, some tests were stopped before either of these
occurrences. Figure 8 shows the cross-section of a joint which was cycled until the
load decreased by 31%. As can be seen, a fatigue crack has developed under the chip
carrier but has not yet grown through the fillet. The maximum joint resistance in-
crease was (.02% with most joints showing a resistance increase of 0.01% or less. In
no case was a crack observed on the surface of the fillet.

Figure 8 illustrates that in the early stages of fatigue, the cracking is confined to
the area under the chip carrier, where, in the case of the joint that was examined, a
void was present. Voids under the chip carrier are the rule in these joints, which were
made with solder paste. Gases evolved from the paste cannot escape, and they create
the voids. These voids need not be detrimental; in fact they served a beneficial pur-
pose in the joint illustrated in Figure 8. The initial cracking is believed to have started
at the back end of the joint as a crack in the metallization of the chip carrier. When
this crack hit the void, it was stopped, and then it restarted as a crack in the solder it-
self. The void acts as a crack stopper; it moves the crack away from the metallization
on the region directly adjacent to the chip carrier. Metallization cracking and crack
stoppage by a void are also illustrated in Figure 9. Here two solder pads are shown at
low magnification. The transition from the grey to light region in the right-hand pad is
shown at a high magnification in Figure 9b. The grey region is composed of W and
AL, O; crystals, which mark it as the chip carrier metallization. The failure in the sold-
er looks ductile with no presence of fatigue striations. No striations could be expected
in high strain cycling of such a ductile material. The transition from the metallization
crack to the solder occurs at a void, which is typical. Figure 9 also illustrates another
typical feature. While metallization cracks were observed at some joints, this
phenomenon was by no means dominant. Figure 9 shows an adjacent joint where no
metallization cracks were present. In fact, out of 12 specimens broken apart to reveal
their fracture surfaces, metallization cracks were noted in only five specimens, and in
these the cracks were located at the edges of only some of the joints tested. Other
conditions, not discussed here, for instance testing at -55 °C, can make metallization
cracking a predominant feature of the tests.

Figure 9 also shows that while voids predominate under the chip carrier, they can
be present at the edge of the chip carrier, near the fillet (see the right-hand joint in
Figure 8a). Voids were not, however, noted in the fillet itself, where they would have
played a greater role in influencing the fatigue life.

The joints shown in Figure 10 were cycled until the load dropped by 60%. The
joint of Figure 10a showed a resistance increase of 0.3%, and a crack is clearly visible.
The joint of Figure 10b experienced a resistance increase of 0.15%, and a fine crack is
visible. The joints of Figures 10c and 10d show the evidence of surface damage and
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Figure 8. Cross-section of a joint cycled to a 31% drop in load. (a) Low magnification
showing the entire joint, (b) higher magnification.
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(b)

Figure 9. Fracture surfaces. (a) Two adjacent joints, one of which exhibited a metalliza-
tion failure, (b) close-up of the metallization failure.
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(d)

Figure 10.  Fillets of joints cycled to a 60% drop in load. (a) Joint with a resistance
increase of 0.3%, (b) joint with a resistance increase of 0.15%, (c) joint with a
resistance increase of 0.12%, and (d) joint with a resistance increase of 0.11%.
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very fine cracks. The resistance increase was 0.12% and 0.11%, respectively.

Figure 11 shows joints cycled to a load drop of 74%. The joint in Figure 11a exhib-
ited a resistance increase of 0.54%, and a large crack is visible. The joint in Figure
11b exhibited a finer crack and a resistance increase of 0.19%. No crack is visible in
Figure 11c, and the resistance increase was only 0.03%. As a general rule, when the
resistance increase is 0.1% or greater, a crack can be observed in the joint fillet at 50-
100x. The smallest resistance increase for which a corresponding crack in the fillet
was observed was 0.09%, but the crack was not completely around the fillet.

A cross-section of a typical crack which goes completely through a joint is shown in
Figure 12. The crack runs under the chip carrier, into the fillet, and through the fillet
at about 45 °. The geometry of the position of the CC and PWB pad made the crack
start near the PWB. This is somewhat atypical: generally the crack under the CC runs
close to the CC. This joint is also atypical because it does not contain a void.

The preceeding observations and the analysis of the stress distribution in a
CC/PWB joint [11,12] explain why the rate of load drop decreases with increasing cy-
cling (see Figure 7). The load drop behavior illustrated in Figure 7 is quite different
from that observed in experiments on simple joints without fillets [2). In those experi-

Ap
AP,
however, was a function of the applied plastic strain which was maintained constant in
those experiments. The drop in load was due to the development of a fatigue crack
which reduced the load bearing area [2]. That cracking took place in a nominally uni-
form stress field (neglecting the stress concentration ahead of the crack). In the
present experiments, however, the fatigue crack growth, which also reduces the load,
takes place in a highly non-linear stress and strain field [11,12]. The initial cracking
takes place under the chip carrier where the stress and resulting strains are the
highest. This gives rise to the initial rapid drop in load. As the crack emerges from
under the chip carrier, into the fillet, it enters a nominally lower stressed region and
slows down, thereby reducing the rate at which the load drops. As the crack
progresses into the fillet, the stress continues to decrease, causing the rate of load
drop to decrease. Thus, because of the non uniform stress field in which the fatigue
crack is growing, a decreasing rate of load drop is to be expected.

ments, the (1- ) vs. N curves were linear, unlike the data of Figure 7. The slope,

The reduction in load bearing area, resulting from the fatigue crack propagation,
also increases the resistance of the joint. The shape of the resistance increase curve is,
however, the inverse of the load drop curve; i.e., the rate of resistance increase in-
creases with cycling, while the rate of load drop decreases. The following simple
model explains why this is so. The resistance increase comes about because the crack
locally alters the current flow, which contributes to an overall increase in resistance.
This can be seen by considering the total current path as a system of series resistors
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Figure 11.  Fillets of joints cycled to a 74% drop in load. (a) Joint with a resistance

increase of 0.54%, (b) joint with a resistance increase of 0.19%, and (c) joint
with a resistance increase of 0.03%.




Figure 12  Cross-section of a joint showing crack which goes completely through the joint.




for which

Ri=p

NS

3]

where R; is the resistance of the ith resistor of length L; and area 4;. The overall
resistance R is

R =%R; (4]

The influence of cracking on the resistance increase can be seen more clearly by
considering the following simple example. Consider a simple cylinder of length L,
and an area 4, whose resistivity is p. The resistance, R, , is thus

R, =p L0 5
o = p Ao . [ ]
Now, suppose that a crack (illustrated in Figure 13) is made in the cylinder such that
the uncracked area at the crack is A, and the cylinder is divided into three regions of
lengthL, , L, , and L, (the thickness of the crack). The resistance is now
L, L, Lc ]

= +
R=dz, "4, * 2

. [6]

For L + L,>>L, the fraction change in resistance is given by

AR _ L. A,

R, ~ LA, 7

The increase in resistance depends upon the relative value of the width of the crack
(separation of the crack faces) L, to the initial length of the resistive path L, . If the
resistance was measured at the crack faces so that L, = L, , then the change in resis-
tance would be equal to the change in the area conducting the current. The L./L,
terms determine the sensitivity of the resistance measurement to crac< growth, which
reduces A4, .

o Ac
A,
The calculation, shown as the solid lines, was made for two values of L, /L, where
L. /L, << 1.

Equation 7 is plotted vs , where A, - A, is the cracked area, in Figure 14.
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Figure 13. Resistance of a cylinder. (a) Without a crack and (b) with a crack of thickness
L. which locally reduces the current carrying area to A..




Assuming no cyclic hardening or softening, i.e., the flow stress remains constant,
then

AP, AP

b [8]
or

A, AP

RS [9]

where AP, is the maximum hysteresis load range which occurs at A, and AP is the
A,-A. _ AP, -AP

A, AP,

. The dotted curves show the measured R /R,

hysteresis load range when the area is A, . Thus, , so Figure

AP,
(corrected for the very small changes in the dummy resistance) vs. the measured

14 also displays R /R,, vs.

g Am Figure 7
values o ——A—E-”—— (see Figure 7).

The data plotted in Figure 14 was taken from the same specimen whose hysteresis
loops are shown in Figure 6, resistance measurements listed in Tables 1 and 2, and
load drop and resistance increase displayed in Figure 7. The data for three joints is
shown in Figure 14, which presents the data for the joint showing the largest resistance
increase, the median joint (i.e., the joint showing the sixth largest increase out of the
eleven joints on the row where failure occurred), and the joint showing the smallest
resistance increase. The median and minimum joints agree roughly with the
L./L,=2x10* curve. Unfortunately, this test was stopped at only about 80% load
drop because of the large resistance increase of the maximum joint. Figures 15 and 16
show the results of tests continued to over a 90% drop in load. As can be seen, the
median curve agrees reasonably with the L_/L, =2x10* curve. This should not be
surprising. The load drop data reflects the average of the behavior of the individual
joints, thus it should correlate better with the median joint than the max or min joints.
The L. /L, value of 2x10°# is also reasonable. L, is on the order of 1x10™* in.
(2.5x103mm). L, includes not only the length of the solder joint (about 0.05 in. (1.27
mm)) but also the effective length of the circuit path through the chip carrier (which is
on the order of 0.5 in. (12.7 mm) to account for the higher resistivity of the metallized
path compared to that of the solder joint). L, is thus on the order of 0.5 in. (12.7
mm). This makes L./L, about 2x10*.

26




10.0 I | 1 T 1 T T T
5.0

LR ALL

2.0
1.0 Ap~4x10"*

0.5

L AR R

0.2
0.1

0.05

R—Ro
Ro
T T TTITTIT]

0.02
0.01
0.005

LI ABLLLI

1 1 11l

0.002
0.001 §
0.0005 3
0.0002 o .
0.0001 [ N SO N | | I N |
0 0.2 0.4 0.8 1.0
( Ao—Ac ( APmM-AP )
APm

Figure 14. Resistance increase AR/R, vs. the local decrease in current carrying area

Ao-A. APy -AP
[ A ] or the load drop [ 2 P,.,] for a test with A, =4x10* in.

27




10.0 1 T 1T 1 T T
5.0

LR R

2.0
1.0

0.5

Ap~5X10~*4

0.2
0.1

0.05

Ro

LI BRI AR U AR LA ]

R—Ro

0.02
0.01
0.005

T T

0.002
0.001
0.0005

LELLLELLL

0.0002

0.0001 —L A 1 | ! | i 1
0 0.2 04 06 08 1.0

(=)o (o)

Figure 15. Resistance increase vs. area and load drop for a test with A, =5x10% in.




10.0
5.0

LEBLBLLLAAL

2.0
1.0

0.5

Ap~11%1074

nIgE— T‘L—i-ﬂ:ﬂ]‘

LILLILLLALL
1

_—— e —
1

0.2
0.1

o 0.05
a

+ g gl

LBELBLLLILLLI

x 0.02
0.01
0.005

- ———...._____

T T 1T 7]

0.002
0.001
0.0005

i

NN IR

0.0002 L

0.0001 L— 'u—le -
0 02 04 0.8 1.0

( Ao—Ac ) ( APmM—AP
APm

Figure 16. Resistance increase vs. area and load drop for a test with A, =11x10 in.

29




While the max resistance change curves generally do correlate well with the load
drop data, they are nonetheless very significant. It is the first open circuit which
causes failure of the device, and thus its behavior is more important than the behavior
of the median joint.

The load drop data, resistance increase data, and the observations of fatigue cracks
allow the development of the picture, shown in Figure 17, which describes the se-
quence of joint failure. The microscopy and the initial load drop data point to initial
cracking under the chip carrier at a load drop of about 25%. This is supported by the
uniform, but high, stresses developed under most of the chip carrier and the initial
linear behavior of the load drop curve shown in Figure 7. Figures 14-16 show that for
the max., median, and min. joints, the resistance increase for a 25% load drop is about
0.02%. The 50% load drop is caused by cracks which enter the fillet. The load drop
begins to slow down because of the decreasing stress. The resistance increase is on
the order of 0.05%. It is only with further crack propagation that a major spread
develops between the joint which shows the maximum increase in resistance and the
other joints. A resistance increase of 0.1% is observed with load drops of 60-90%. By
a 90% load drop, the resistance increase of most of the joints exceeds 0.1% (the aver-
age median joint increase is 0.2%) and cracks are visible in the joints. At this level of
fatigue, the resistance increase of the most fatigued joint is generally 1% or greater
(some may even show an open circuit) and a very large crack is visible.

While a crack may be visible through the fillet, there may still be some passage of
current through the crack faces where they touch. Also, while a crack may reach the
surface of a fillet, there may be internal regions which are not cracked and still pass an
electrical current. Thus, even though a crack is visible in the fillet, the resistance in-
crease may be as small as 0.1%. With more cycling, however, the resistance continues
to increase until an open circuit is made. In general, it takes a load drop of about 90%
before the first open circuit is reached and more than a 95% drop in load before all
the joints exhibit open circuits.

3.2 Influence of Bending

The final test configuration that was developed tested the solder joints without ap-
plying any appreciable bending movements. The earliest test configuration that was
used did, however, apply a small but measurable bending movement, so before we go
into the data in more detail, it is necessary to determine the extent to which this bend-
ing influenced the results. In these early tests, the joints were located 0.35 in. from the
load line. At the maximum applied load of 100 Ib, this caused a 35 in/lb bending
movement. The bending movement produced a 5 x 10 deg/Ib bend compliance or
2.5 x 10 deg/1b for each row of joints.

Figure 18 shows the fatigue life N, defined as the number of cycles to reduce the
load in half, as a function of the applied displacement A, . This displacement was
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measured across both rows of joints. The data points are denoted by o, e, +,Vor T,
depending on the nature of the tests. The tests denoted by the e were performed uti-
lizing the final arrangement consisting of split grips with the joints at the load line (de-
scribed in the procedures section). The o points were taken with the early arrange-
ment which applied the 5 x 10 deg/Ib bending. The V point was taken with a special
grip which placed the joint at the load line but applied the load asymetrically (with a
0.35 in/Ib bending movement). This reduced the bending movement. The + point
was taken with these grips reversed. This placed the specimen 0.70 in. from the load
line, doubling the bending to produce 10 x 10 deg/Ib. Lastly, the T points were taken
in three preliminary tests which utilized a test configuration which allowed two speci-
mens to be tested at one time. Here, the bending movements induced in each speci-
men canceled, so there was no net bending of the joints. Figure 18 shows that the de-
gree of bending, at least up to 10 x 10 deg/Ib, did not influence Ny.

In subsequent Figures, the exact nature of the test setup and degree of bending will
not be discussed. In all, 16 tests were performed and discussed here. Eight utilized
the split grip and eight utilized other grip arrangements. The three tests run with dou-
ble specimens are not discussed further because of control problems that were created
when large cracks developed. No difference in the A, vs. N correlation is noted if only
the eight split grip, zero bending movement specimens are used for the correlation.

The final test configuration which utilized the spiit grip was adopted not only be-
cause it eliminated the bending, but also because it allowed the attachment of the yoke
(see Figures 4 and 5) and the measurement of the displacement of the individual row
of joints.

3.3 Coffin-Manson Low Cycle Fatigue Behavior; Load Drop Data

There are many possible definitions of fatigue failure. The drop in load and in-
crease in resistance can both be used to define failure with various load drop and re-
sistance increase criteria. Several different criteria can also be used to define the dis-
placement, which causes the failure, as illustrated in Figure 19. The displacement
measured across each single row of joints (denoted top and bottom because of their
position in the test machine) is recorded, as is the sum of these displacements. The
plastic strain computer was set up to determine the plastic strain for the sum of the T
+ B rows. This plastic strain, as measured at the cross head reversal, is denoted as A,
(see Figure 19). Since the plastic strain computer was not set up for each row of joints
individually, plastic strain hysteresis loops were not drawn for the displacements from
the individual row of joints. The plastic displacement was, therefore, measured for
each single row from the hysteresis loop width at zero load and is denoted as A,; .
The single displacement data utililzed in the subsequent tests is for the row of joints
which showed the greatest degree of cracking. In the case of the data shown in Figure
19, it was the bottom row of joints (i.e., A,s =Ap which is the row of joints which
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showed the most cracking).

The hysteresis loop width was also recorded at zero load for the sum of the top
and bottom row displacements. It is denoted as 4,, , and will be discussed later. The
distinction between the plastic displacement for each row and the sum of these dis-
placements was made because it provides information on how the applied displace-
ment is partitioned between the top and bottom rows of joints and how this influences
the fatigue process.

The fatigue life N is related to the applied plastic strain by the well known
Coffin-Manson Law [13-18] which has been shown to apply to solder fatigue [2-5]. In
these current tests, a known displacement is applied to the joints. This can be convert-
ed into a strain by dividing by an appropriate length. Unfortunately, the complex
geometry of the solder joint means that a severe strain gradient develops as the result
of the application of a fixed displacement and only a rather complex analysis can be
used to convert this displacement with a strain distribution. Rather than deal with the
strain-life behavior, Figure 18 and the subsequent figures relate the fatigue life N
with an applied displacement, A, , according to a pseudo Coffin-Manson Law, i.e.,

N2 A, =0 [10]

Figures 20-30 show the fatigue life, Ny, as defined by various decreases in the load
range. All conform to this pseudo Coffin-Manson Law. The different failure criteria
are used because they provide information about the mechanism of joint failure.
Fatigue is defined by increases in resistance also provide important information, but
will be discussed separately in a subsequent section.

Figure 20 shows the number of cycles, Ny, to reduce the load by 25% vs. the sum
of the plastic displacement of both rows. This displacement, denoted as A, (max), was
measured at the cycle where the maximum load is reached. This generally was the
first cycle, although in a few cases, the maximum load was reached on the second or
third cycle. (There is an interplay between some cyclic hardening which raises the
load and cracking which reduces it).

As has already been discussed, the 25% load drop criteria for failure defines an
early stage in life where the fatigue cracking is confined to the solder beneath the chip
carrier. The 70% confidence band, shown on figures 20-29, defines a 70% probability
that if another test were run, the data would fall within the band. It is close to a plus
or minus one standard deviation band, but not exactly equal to it. This 70%
confidence band was employed because this data was used as a reference for other
experiments not discussed here.
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In addition to the fatigue data, Figure 20 (and equivalent subsequent figures) also
shows the results of a tensile test which is equivalent to a fatigue test with Ny = 1/4
cycle. The data point at Ny = 1/4 is the monotonic strain required to reduce the load
by 25% in the tensile tests. In subsequent tests, where 50%, 9%, and 100% drops in
load are used as the failure criteria, the Ny = 1/4 strain is that required to reduce the
load in the tensile test to 50%, 90%, and 100% of its maximum value.

Figure 21 shows the failure, defined by a 25% drop in load, correlated by the dis-
placement Ay nqr) measured across a single row of joints. The measurement was
made for a hysteresis loop taken as close as possible to the maximum load hysteresis
loop. Since only one xy recorder was used, the hysteresis loops for each type of dis-
placement (i.e., top, bottom, top + bottom total displacement) were not drawn for
every cycle.

There are fewer data points than for the data of Figure 20 because in the early
tests only a single extensometer was used across both rows of joints instead of one for
each row. Thus, there are about twice as many data points for the A, measurements
of the plastic displacement across both rows compared to the A,; measurements of
single rows. Restricting the data to only those tests run with two extensometers does
not change the data correlations. The A, plotted in Figure 21 and other figures which
use this parameter was the displacement measured at the row (top or bottom) at
which the final failure occurred, or where the most joints showed a rise in resistance.

If the displacement is evenly partitioned between the two rows of joints, then
Aps /Ay, should be equal to 0.5, and this is approximately the case. At the start of the
test, Aps /Ay, Was found to be 0.49 x (.07, with a minimum value of 0.42 and a max-
imum of 0.61. (The displacement A,, is used rather than A, because A, is measured
at zero load but A, is not).

As the crack propagates and reduces the load bearing area, it reduces the amount
of load required to produce A,; . The load is also reduced in the other row of joints,
reducing the displacement developed across this row and the resulting fatigue failure
in these joints. Since the control is on the sum of the displacements across both rows
as the displacement decreases in one row, it increases in the other. By a 50% drop in
load A, /A, increases to 0.56 + 0.12. The displacement 4, is measured across the
row of joints in which failure occurs and the displacement is concentrated, hence the
increase in Ays/Ap;. By a 90% drop in load, Ay /A,, increases to 0.75 + 0.14.

There is some variation in Ay /Ay, because there is a variation in the degree to
which cracking begins on one row of joints or the other. If the cracking develops in
both rows to an equal degree, then there will be little or no increase in A /A, and
cracks are noted in both the top and bottom rows of joints. Cracking occurred in both
rows of joints in 5 (out of 16) tests, but even here there was more cracking in one row
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than the other. In general, cracking began first in one row. The shift in displacement
then retards or prevents cracking in the other row (i.e., no cracks were observed and
no resistance was noted). This shift in displacement explains why the failures occur
predominantly only in one row of joints, even if a weak joint is present in an otherwise
stronger row. The behavior of the row of joints and the partition of the displacement
appear to be dominant over the behavior of a particular joint. A weak joint in a weak
row will probably start the failure process, but a weak joint in a strong row may not
even crack.

Figures 22 and 23 show the fatigue behavior defined by a 50% drop in load. Dur-
ing the cycling to this drop in load, there was some decrease in the hysteresis loop
width (due to the compliance change). The fatigue life (to drop the load in half) was
therefore defined in terms of the average of A, (nar) and the plastic displacement at

. (tpomm + Bp09) ,
half load, A, (05) L-€., > . The brackets define A, (mar) and A, (o.5)-
Figure 22 (same as Figure 18 without the distinction as to the amount of bending)
shows the results for the plastic displacement of both rows, while Figure 23 shows N
Bpsmax) + Bps(03)
> .

The data of Figures 22 and 23 are similar to those observed with failure defined by
a 25% drop in load, except that the lives are longer and the slope of the curve, a, is
0.54 for both rows compared to 0.68 for the similar 25% load drop data. The single
row data shows no such decrease in

vs. the plastic displacement of a single row of joints, i.e., for

Figures 24 and 25 show that a similar situation occurs with the failure defined by
the 90% drop in load. Here, the displacements were the average of that measured at

+
the 50% drop in load and at the 90% drop in load, ie,, 202~ 2209

2
+
Bps 05) > Bps 09) . This average was used rather than the average over the entire

test, because most of the life is spent in the 50% to 90% load drop regime.

Figures 26 and 27 show the fatigue life extrapolated to complete failure. The total
displacement observed at the 90% drop in load is used because, in going from a load
drop of 90% to complete failure requires generally at least a doubling of the fatigue
life; hence the 90% displacement most accurately reflects the displacement operating
in this last phase of the fatigue process. Caution should be taken in using these figures
because they represent an extrapolation of the data taken from about a 90% drop in
load. The load drop curve is very shallow as the load drop approaches 1; hence errors
are introduced in the extrapolation. As with the 50% and 90% load drop data, a is re-
duced for the double row of joints, compared to what was observed with the 25% load
drop.
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A 75% load drop correlation was also employed, but is not provided because it is
very similar to the 90% and 100% load drop correlation (as opposed to the 50% load
drop correlation with its larger value of a). For a 75% drop in load, the slope of the
A, vs. Ny curve was found to be 0.42 for both rows of joints and 0.69 with a single row
of joints. The trend line for both rows of joints is shown in the summary curve, to be
discussed shortly.

Some of the decrease in « that develops in the A, -Ny curves is because A, is not
an accurate measure of the displacement. The compliance increase produces a rota-
tion in the hysteresis loops which is not accounted for in the A, measurement. The
hysteresis loop width at zero load (A,,) width at zero load more accurately reflects the
plastic strain being applied, but may underestimate the strain somewhat. (If there is
complete elastic unloading to zero load, the loop width at zero load gives the right
strain. When reverse plastic flow begins before zero load is reached, then some of the
plastic strain is neglected when the zero load loop width is used). At the start of the
test, there is little difference between the zero load loop width and the loop width at
the cross head reversal because the elastic unloading extends virtually to zero load. At
the 50% load drop level there is a small difference between A, and A,,; which gets
bigger as the test progresses.

The fatigue life for 90% and 100% load drops, for the displacement defined by
Ap;, is shown in Figures 28 and 29. At large displacements, the influence of the com-
pliance increase is small because the elastic displacement is much smaller than the
plastic displacement and A,,; A, . At small displacements, 4,, < A, and the result is
to increase a when A, is used to define the displacement rather than A, . The in-
crease in a is, however, only from 0.41 to 0.46, so it does not explain why « is so much
smaller than the a observed when a 25% drop in load is used to define failure. For
this small load drop, A,; ~ Ay, so there is no error introduced by using A, as the
definition of the displacement. The A, displacement was also correlated with a load
drop of 75%. As with the double and single joint data discussed previously, this curve
was similar to the curves for a 90% and 100% drop in load, but shifted to a shorter
life. It is compared to the other zero (z) loop width curves in figure 30.

For convenience, the trend lines of Figures 20-29 and curves for a 75% drop in
load are compared in Figure 30. The trend in the variation in « and the displacement
of the various curves are clearly shown in this figure. A decrease in a was also ob-
served in tests performed on single, simple joints (i.e., joints with no fillet and a large
constant thickness area) [19]. It is believed that the dependence of a with the criteria
used to define failure resulted from the crack growth behavior. An analysis of the
theoretical shear crack growth behavior for the boundary conditions being applied
showed that the crack growth rate should not increase with increasing crack length [2]
as it does when tensile loading is employed. Not only does the data show no accelera-
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tion in the crack growth rate, it actually shows that the crack slows down, especially at
low strains (i.e., the lower the plastic strain, the greater the slowdown in the crack
growth rate). This strain dependence of the slowdown in crack growth rate causes a
to be dependent upon the failure criteria. The larger the load drop (i.e. crack growth)
used to define failure, the greater the influence of the slowdown in crack growth rate.
The current experiments are more complex than those performed on the simple joints.
Here there is a slowdown in load drop (crack growth) due to the complex joint
geometry (see Figure 7), and this acts in addition to any inherent slowdown due to the
behavior of solder tested in shear.

The data obtained utilizing the displacement of the single row of points which
failed (Figures 21, 22, 25, and 27) does not show any variation in a. Alpha does not
decrease but stays in the range of 0.60 to 0.68. No zero load loop width correction was
required because A,s was only measured at zero load. (The plastic strain computer
only corrected for the total plastic strain and not the plastic strains for each row of
joints separately). Several factors make it hard to determine the significance of the
lack of variation in a for the single row displacement data. For one thing, there are
only seven data points for the 25% and 50% load drop curves and only six points for
the 90% and 100% load drop curves, versus about twice the number of points for the
two row curves (as has been mentioned, the two row curves include data taken with
only one extensometer spanning both rows). Furthermore, the shapes of the single
row curves are largely controlled by a single displacement point at 6 x 10 in. This
and the relatively few points limits any conclusions which can be drawn from this data.
Furthermore, there is the added complication of the concentration in displacement
which occurs as the test progresses.

It is clear that the definition of failure and the definition of the applied displace-
ment both influence the data correlations. Multiple choices for these definitions have
been made to reflect different possible uses for the data. The sum of the displace-
ments of the two rows of joints is what is determined when the thermal mismatch be-
tween a chip carrier and circuit board is calculated. The data for the individual row of
joints tells how the displacements are partitioned. The 25% drop in load criteria
defines failure in terms of the initial stages of cracking. The 50% drop in load defines
a somewhat later stage. The 90% drop in load defines a still later stage where the
joint is severely damaged. Extrapolation to complete failure (100% load drop) is the
least conservative definition of fatigue (i.e., gives the largest value for Ny ) which
represents an outer limit for design.

3.4 Coffin-Manson Low Cycle Fatigue Behavior: Resistance Increase Data
Figure 7 shows that the drop in load is accompanied by an increase in resistance.

Fatigue can therefore be characterized by this joint resistance increase in the same

way as it was characterized by the drop in load. There is, however, an important




difference. The resistance measurements describe the behavior of individual joints
whereas the drop in load describes fatigue in terms of the average behavior of all the
joints. It is clear from Section 3.1 that the distribution of cracking among the joints
and shorting across the crack further complicates any exact correlation of the drop in
load with the resistance increase of individual joints. Nonetheless, the study of the re-
sistance increase of individual joints is an important measure of the fatigue process.
This resistance increase is illustrated in Figures 31-38.

Figure 31 shows failure Ny defined by a joint resistance increase of only 0.02% for
the first joint to increase this much. Resistance changes as small as 0.01% can be
resolved, but such changes can be random. By the time the resistance increases to
0.02%, it denotes a situation where the joint resistance will continue to increase with
subsequent fatigue cycling (as opposed to more random fluctuations below this level).
Figure 31 shows, however, that there is a considerable amount of scatter when this
small a resistance increase is used to define Ny. This is reflected in the wide 70%
confidence band. The load drop was determined for each specimen at the point where
the first joint reached a 0.02% increase in resistance. The average load drop where
this occurred was 0.27 with a standard deviation of 0.25. This large variability reflects
the variability in the initial cracking from one joint to another. Such a small resistance
increase or a load drop of approximately 25% represents an early stage of joint
failure —a stage which would not represent a truly compromised joint since there
should be little electrical degradation for such a small resistance increase, and the de-
crease in the load bearing capability of the joints would not be very detrimental. The
correlation of Figure 31 is with the load drop and the first joint to show a resistance in-
crease of 0.02%. In this early stage in life, the behavior of the median joint is similar
to that exhibited by the joint showing the maximum change in resistance (see Figures
14-16), but on average it correlates with a somewhat greater drop in load. The medi-
an joint reached a resistance increase of 0.02% when the load dropped by 0.43 + .31.
As with the maximum resistance increase data, there is a large amount of scatter asso-
ciated with this small increase in resistance.

Figures 32 and 33 show the Ny values defined by the first joint to reach a 0.05%
and 0.1% increase in resistance, respectively. The mean load drop values correlating
with these resistance increases were 0.48 + (.21 and 0.63 + 0.15, with A, defined by
the average of Ay nax) and 4, at half load. There was less scatter with these
definitions of failure, as illustrated by the narrower 70% confidence limits and smaller
standard deviation for the mean load drop. At a 0.05% increase in resistance, no
crack was observed in the fillet. When the first joint reaches a resistance increase of
0.1%, a crack may be visible in the fillet. A median resistance increase of 0.05%
correlates with an average load drop of 0.57 + 0.24 and a median resistance increase
of 0.1% correlates with an average load drop of 0.74 + .14. Thus, while a crack may
be visible in the most severely cracked joint when the load drops by 63%, it requires a

45




[ B IIIITI] 1 T rllTrl] I*YTlrIﬂr Ll T llIHl] -1 T 1777
200 3
100 & =
F 0=0.64 .
i ~ RESISTANCE INCREASE OF 0.02% |
12 3 ~ 3
C ~ ~ -
- A P=Ap(MAX) .
4r Sge & LOAD DROP MEAN=0.27%0.25 ]
i N e ® \ .,
2 ~

1 3 ~ =
0.6 F N ~ .
0.4 ~ u
N ~ i
0.2 1
0.1 | Lo crogl 1ol Lo el Lol WA

0.25 1 2 4610 20 40 100 400 1000 10,000

N CYCLES
Figure 31. Displacement vs. fatigue life for the first joint showing a 0.02% resistance

increase.




r | B IT1|TT] | ] Illlll[ | S lllﬂl] 1T 1 Il"[llr[ e rrrrn
200 =69 3
100 E
: 70% CONFIDENCE 3
; RESISTANCE INCREASE OF 0.05% 1
~ ~
Ap(MAX)+Ap(0.5
2 10 EL JAN . ap= Ap( 2) p(0.5) ;
[3] =
c 6 N -
= " LOAD DROP MEAN=0.48%0.21 ]
o *f e -~ ]
X 2 .
<
'E AN E
0.6 J
0.4 -
0.2 ~
0.1 | o1 raeipl o yangd poaopeand ool g1
0.25 1 2 4610 20 40 100 400 1000 10,000
N CYCLES
Figure 32. Displacement vs. fatigue life for the first joint showing a 0.05% resistance
increase.
| 1 ¥ Tlllll] L lllTl[ | l‘llTIll] T 1 rllﬂl] T 1T T TTUTTT
200 3
100 =068 E
o m
- RESISTANCE INCREASE OF 0.1% ]
- =
- N Ap= Ap(MAX2)+Ap(O.5)
2 10F & \ —
Y- N LOAD DROP MEAN=0.63%0.15 3
To 4 N .
% 2 L .
=]
1 3 =
: ~N -
0.6 u ~ =
0.2 ‘ ~ 4
0.1 L sl Lol Lo Ll 1l 1 1 1aiit
0.25 1 2 4610 20 40 100 400 1000 10,000
N CYCLES
Figure 33. Displacement vs. fatigue life for the first joint showing a 0.1% resistance
increase.
47




load drop of about 75% before the median joint should exhibit cracking.

Figures 34-37 show N as defined by the first joint to reach a resistance increase of
1%, 10%, 100%, and 10 times (1000%), respectively. The mean load drop values
corresponding to these resistance increases were 0.82 to .88. The correlations with the
10%, 100%, and 10x resistance increase data were somewhat biased because many
tests were stopped when the load drop reached about 90%, but before the resistance
increase reached 10% in any joints. In these cases, the largest load drop reached was
used in making the correlation between the resistance increase and load drop. This
represents a lower bound for the load drop required to increase the resistance by 10%,
100%, or 10x, with the error introduced by this approximation increasing with the re-
sistance increase correlation being made. As a general rule, however, when tests were
run to a load drop of 95-98%, numerous joints showed open circuits (i.e., resistance in-
creases of 10x or greater). At the worst, then, a resistance increase of 10x would
therefore correlate with a load drop of 88 to 98%.

The resistance increase of the median joint of 1% or greater could not be deter-
mined because most tests were stopped before this occurred. At a 90% drop in load,
the median joint reached a resistance increase of only 0.27% =+ 0.16. While this was
smaller than the resistance increase observed in the most damaged joint (which was
about 10x on the average), it is large enough to be correlated with the presence of a
visible crack in the fillet. While the resistance increase of the worst joint does not de-
scribe the average behavior (as does the median joint), its behavior is nonetheless very
critical. It is the first joint failure which generally defines the device failure; hence a
design life analysis must be based on this occurrence and hence its use in Figures 31-
38.

Figure 38 correlates all the resistance increase curves. It could be used to estimate
the fatigue life, based upon a number of resistance increase criteria, and by interpola-
tion any resistance increase criteria between 0.02% to 1000% would be used to define
failure. The slopes of the displacement vs. fatigue life curves are in the range of a =
0.69 to a = 0.52, and with the exception of the data for the 0.02% resistance increase
(which exhibits the most scatter), a decreases with the larger the resistance increase
used to define failure. This is similar to the behavior observed for the load drop
curves, but with less of a decrease in a.

4. CONCLUSIONS

1. ‘The fatigue cracking, resulting from the isothermal mechanical cycling of
CC/PWB joints, starts below the chip carrier. With further fatigue cycling, the
cracking extends into the fillet of the joint.
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2. As the fatigue cycling progresses, the load required to produce a given displace-
ment decreases and the resistance of the joints increases.

3. The rate of the load drop decreases with increasing cycling, whereas the rate of
resistance increase increases with cycling. This behavior is explained in terms of

the joint geometry.

4. A resistance increase of the first joint to increase by 0.02% corresponds to a
load drop of about 25%.

S. Avresistance increase of the first joint to increase by 0.05% corresponds to a
load drop of about 50%.

6. It generally requires a 60-80% drop in load to produce a resistance increase of
0.1% or greater and for a crack to be optically visible on the surface of the fillet
which shows the greatest resistance increase.

7. A resistance increase of 0.27% in the median joint correlates with a 90% drop in
load. At this level, a crack should be visible in the fillet of this median joint.

8. 'When the drop in load exceeds 60-80%, one joint will exhibit a much larger re-
sistance than the others and the spread in behavior will increase as the cycling
continues. Thus, when the median joint only displays a 0.27% resistance in-
crease (at a 90% drop in load) the resistance in the worst joint has, on the aver-
age, increased by 10x.

9. Bending of as much as 10 deg/Ib did not influence the fatigue life.

10. The fatigue life Ny was described in terms of a pseudo Coffin-Manson Law with
Ny being related to the plastic displacement instead of the plastic strain. The
plastic strain developed in the joint is a function of the imposed displacement,
but it is very non-uniform.

11. The slope of the pseudo Coffin-Manson curve is similar to that observed when
the plastic strain is used instead of the plastic displacement. The slope is, how-
ever, to some degree dependent upon how the displacement is measured and the
degree to which fatigue cracking has progressed through the joints.

12. Numerous pseudo Coffin-Manson curves are provided so that the fatigue life
can be determined for a wide variety of failure criteria and definitions of the ap-
plied plastic displacement.
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