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INTRODUCTION 

Solder joints that bond dissimilar materials undergo deformation upon thermal 

variation. These deformations are often dictated by joint geometry to be dominated by 

shear. Repeatedly subjecting these joints to such thermally induced shear strains is 

reported to cause fatigue crack failures in soldered electronic componentsl-4. Since the 

electronics industry makes widespread use of solder joints as electrical connections, their 

susceptibility to thermal fatigue is a great industrial concern. This concern is manifest in 

the fact that a single solder failure can conceivably render an entire electrical system 

inoperable and cause a catastrophic situation. The critical nature of solder joints in present 

electronic packaging technologies demands inquiry into the thermal fatigue of solder joints. 

Thermal fatigue studies are complicated by the interplay of deformation and 

temperature cycling. One means of extracting information concerning this interplay is 

isothermal fatigue testing. In isothermal tests, relevant amounts of deformation are 

cyclically imposed at fued temperatures within a thermal range of interest, and the fatigue 

lifetime data thus provided are then compared to expose differences in the degree of fatigue 

degradation associated with specific portions of the given temperature cycling range. 

Microstructural characterization of the failure mechanisms responsible for observed 

differences in isothermal fatigue behavior will then furnish information regarding the 

interplay of deformation and temperature cycling, as the prevention or retardation of the 

failure mechanisms observed at certain temperatures in isothermal fatigue may improve the 

material's resistance to thermal fatigue. 

In order to perform isothermal fatigue testing of solder joints in shear, one requires 

both a specimen and a testing apparatus that can reasonably represent the real situation. For 



2 

reasons discussed. in the background section which follows, a modified double lap shear 

specimen is chosen to conduct isothennal fatigue tests. The testing of these specimens 

requires a load frame apparatus capable of supplying accurate control at low loads over the 

rates at which the load train exerts specifiable small displacements along the specimen 

gauge length. To ensure that specimen joint deformations are constrained to shear 

throughout cycling, both rigidity and alignment must be maintained as the load train passes 

through the condition of zero mean load. In addition, the load frame configuration must 

allow specimens to undergo testing in a wide spectrum of temperature conditions. To the 

author's knowledge, a practical means of achieving these combined capabilities is not now 

commercially available. 

This work presents a versatile load frame apparatus constructed to provide the 

capabilities needed· for performing isothermal. shear fatigue of solder joints in a variety of 

thermal environments. Initial isothermal data from -SSOC to 12SOC gathered with 60Sn• 

40Pb and 5Sn.,;95Pb solder joints are then furnished to illustrate simple use of the 

apparatus. 
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BACKGROUND 

Shown schematically in figure 1 is the commercially relevant thermal fatigue 

situation consisting of an alumina lead.less chip carrier.soldered to a polyimide printed 

circuit board. On-off operation and environmental change are common conditions of 

varying temperature for which the difference in material thermal expansion coefficients 

results in a relative displacement of positions across the joint. In order to accommodate 

these displacements the solder must undergo shear deformations. The environmental 

temperature range of interest has been determined by military standard to be from -SSOC to 

1250C s. With the difference in material thermal expansion coefficients between alumina 

and polyimide being 13.5x1Q-6 mmJmmoc, solder joints of 0.127 mm (0.005 inch) 

thickness on either side of a 25.4 mm (1.0 inch) diameter carrier will sustain a 24% simple 

shear strain over this cycling range. Repeated cycling promotes fatigue crack failures such 

as those in figure 2. It is important that the laboratory specimen chosen for isothermal 

testing closely model this defonnation process. 

Candidate solder joint shear testing configurations described in the literature6-7 are 

inappropriate for evaluating joints fatigued in shear. A brief discussion of the inadequacies 

inherent to the more common shear test designs is required to introduce the new modified 

double lap shear specimen developed by Frear, et al. 8 to carry out isothermal solder joint 

fatigue testing in shear. 

The simplest joint shear joint configuration is that of the single lap shear specimen 

shown in figure 3a. The overlapping sides of two beams arc soldered together by a single 

joint. These specimens are tested by applying a uniaxial load in a direction parallel to the 

joint interfaces. Recognize that the two component beams cannot simultaneously lie along 
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the loading axis. Consequently, only at initial loading does the joint experience simple 

shear, for small strains thereafter induce bending moments that subject the joint to 

deformations other than shear. These out-of-shear deformations inherent to the single lap 

assembly are inappropriate for evaluating fatigue in shear. 

The conventional double lap shear specimen is shown in figure 3b. This 

configuration diminishes out-of-shear deformation by counterbalancing equal and 

oppositely directed bending moments about the loading axis. Thwaites6-7 reports practical 

difficulties in the machining and processing of these specimens that suggest the 

conventional double lap shear specimen does not yield reproducible results. For this 

reason, the configuration is not considered suitable for testing. 

Another common means of counterbalancing bending moments responsible for out

of-shear deformations is the ring and plug a specimen design shown in figure 3c. The 

assembly consists of a rod soldered into a sleeve. The joint clearance is maintained 

unifonn in thickness by the insertion of wires in the sleeve gap. The wire spacers, 

unfortunately, often act as failure initiation sites. Also, Thwaites6-7 reports significant 

discrepancies in the strength of joints for which the plug was pushed rather than pulled. In 

addition this joint configuration does not permit any convenient observation of fatigue 

cracks and their propagation. The ring and plug design is clearly an undesirable fatigue 

specimen. 

The modified double lap shear specimen presented by Frear, et al.s eliminates 

practical difficulties in machining and processing that promote irreproducible results in the 

conventional design. The modified specimen is shown in figure 4. It consists of two 

plates soldered lengthwise on edge to a middle plate. Friction grips are affixed just above 

and below the grooved regions of the specimen, and the assembly is loaded along the 

central axis of the middle plate's length. The isolated test joints created between the 



.. 

5 

specimen grooves deform in shear upon loading. Joint shear deformation within this gauge 

length is complementary in compressive and tensile loading, thus making the modified 

double lap shear specimen suitable for solder joint fatigue testing. 

A special technique has been developeci8-IO to manufacture the modified double lap 

shear specimen in a reproducible fashion. Three plates are machined to the dimensions of 

figure 5 and then polished, etched, and lightly fluxed prior to assembly. Stainless steel 

spacers are inserted near the bolts to provide uniform joint clearance. The assembly and 

solder are then placed in the two stage vacuum furnace diagrammed in figure 6 and heated 

simultaneously to SQOC above the melting point of the solder. Heating is performed under 

vacuum so that all flux residue is removed, leaving the assembly plate surfaces clean and 

oxide free. Following immersion of the assembly in the molten bath, the crucible 

containing both the assembly and solder is rapidly cooled. Specimens machined from each 

assembly block experience essentially identical processing, thereby minimizing variation 

among ~pecimens. Each block yields 8-10 specimens. This manufacturing technique is 

straightforward, practical, and yields specimen reproducibility . 
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THE LOAD FRAME APPARATUS 

A computer controllable load frame apparatus designed and developed to perform 

isothennal fatigue testing of the modified double lap shear specimen is pictured in figure 7. 

The descriptio~ of the load frame is best separated into discussions of its control and then 

the features of its load train. 

The software control system and associated stepping motor interface electronics 

successfully employed in an unrelated study by Fultz, et al.ll-13 is sho\vn along with the 

load frame in figure 7. The system is used in the present work to supply stepping motor 

control of actuations along the apparatus load train. In recognition of the compliant nature 

of solder deformation, the control software for solder fatigue simply assumes there is a 

direct correlation between motor steps and stepping rates to pullrod displacements and 

displacement rates. 

Programmed rotary steps undergo a gear reduction ratio of approximately 50 prior 

to having the rotary motion converted to a linear motion by a 113.4 kg (250.0 lb.} rated 

anti-backlash actuator. One full worm gear rotation of this actuator (129,000 motor steps} 

yields a 0.0254 mm (0.001 inch} linear translation of the loading train pull rod. The 

1.96x10-7 mm (7.72x1Q-9 inch) stroke associated with each motor step allows very 

accurate control at low loads over the rates at which strokes of small displacement are 
I 

exerted upon the specimen. 

The load frame design is simple. The actuator is bolted to the top of the load frame 

shown in figure 8. The loading train consists of a rigid connection of the frame to the 

actuator, a 453.7 kg (1000 lb.} capacity rod end-load cell, a pull rod, the specimen, and 

specimen grips. Three cylindrical rods connecting the top and bottom plates of the load 
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frame serve the purpose of both compression tube and alignment vehicle. A template fixed 

to the pull rod must slide along the aligned load frame rods during a stroke. This leaves 

only one degree of freedom in the motion of the pull.rod, thereby eliminating out-of-plane 

buckling of the specimen during deformation. In addition, the open configuration of the 

compression tube readily pennits immersion of specimens in thermal baths for isothermal 

testing at various temperatures. This simple design requires careful machining and 

assembly in order to maintain loading train rigidity and alignment throughout testing. 

The assumption of a direct correlation between motor steps and stepping rates to 

pullrod displacements and displacement rates is verified by attaching a clip gauge to knife 

edges machined on the specimen grips. Since no discrepancies involving this assumption 

have been observed while clip gauges have been attached to the grips during tensile or 

compressive loading up to 113.4 kg (250.0 lbs.), it is made use of in the experimental 

example which follows . 



EXPERIMENTAL PROCEDURE 

Isothennal fatigue tests are perfonned at -550C (ethyl alcohol cooled using 

liquid nitrogen). OOC (ice water), room temperature, and 1250C (heated quench oil). 

Specimens are made ofOFHC Cu plates and two solder compositions, 60Sn-40Pb and 

5Sn-95Pb. 

The deformation waveform chosen for testing is cyclic sawtooth ramping of a 

given total through-zero shear at a constant shear displacement rate of 0.05 mm/min .. 

Shear magnitude is here calculated as the quotient of pullrod displacement divided by 

solder joint thickness. To further edify, a 35% shear isothermal fatigue test on a 0.508 

nun (0.020 inch) joint is accomplished in the following manner. The unloaded 

specimen is IJISt subjected to a tensile displacement of 0~0889 mm (0.0035 inch), 

which is translated by specimen geometry as a 17.5% shear displacement across the 

solder joints. When this displacement has been achieved , the direction of pullrod 

displacement is immediately reversed and is continued for 0.1778 rnm (0.007 inch), at 

which time the pullrod displacement is again reversed and is continued for 0.1778 mm. 

The 0.1178 mm sawtooth cyclic pulhod displacements. translated as 35% shears across 

the joints, will continue as long as one desires. The cycling frequencies for the total 

through-zero shear displacements imposed here are as follows: 

35% shear= 8.4 cycleslhr, 

30% shear= 9.8 cycleslhr, 

25% shear= 11.8 cycleslhr, 

and 20% shear= 14.8 cycles/hr. 

8 



Fatigue lifetime evaluations of ductile materials subjected to large strains in 

strain controlled loading are often done using empirical relations of the Manson-Coffin 

typel4, 

where 

Ayp =cyclic peak-to-peak shear strain, 

Nr =number of cycles to failure (lifetime), 

and n = empirical power tenn. 

In order to determine the empirical power term in the Manson-Coffm relation, 

one must first have a criterion for defining a specimen failure. This criterion is trivially 

established in most standard fatigue tests, for the specimen fails into two separate 

pieces and there is no loading. In the case of modified double hi.p shear specimen 

fatigue testing, however, loads will continue to be recorded past the point of failure 

because the failed surfaces will scrape against one another. Since desired testing 

temperatures require the submergence of specimens in fluids, electrical resistance and 

crack length measurements are dismissed as practical means of establishing a failure 

criterion for the specimen in question. Experience reveals a 30% decay in cyclic load 

amplitude to be consistently indicative of a significantly cracked joint. This 30% decay 
I 

is used to define the number of fatigue cycles to specimen failures in the isothermal 

tests outlined above. 

9 
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RESULTS 

The load frame apparatus designed and developed to perform isothermal fatigue of 

the modified double lap shear specimen operates satisfactorily and is capable of testing in a 

wide spectrum of temperature conditions. Simple control is verified, as analog clip gauge 

displacement recording shows constant displacement rates are accurately supplied for 

displacements on the order of 0.0254 mm (0.001 inch) during deformation cycling. 

The apparatus is found to deform modified double lap shear specimens in shear. 

This is evident in figure 9, which shows the motion of etched lines across the joint during 

deformation. Analog load cell and clip gauge displacement recording shows no slack in the 

apparatus during cycling through the zero mean load condition. In addition, failed 

specimens do not exhibit out-of-plane buckling. Both rigidity and alignment are maintained 

throughout deformation cycling .. 

The results of the isothermal fatigue test data for 60Sn-40Pb joints are shown and 

plotted in figures 10 and 11, respectively. The data indicates that the number of cycles to 

failure increases with decreasing temperature and amount of cyclic shear. An empirical 

Manson-Coffin relation for. a particular data isotherm is calculated by placing data points on 

a log-log plot, as in figure 11, and constructing a straight line through the data with standard 

least squares linear fitting. The slope of this line is n, the power term in an empirical 

Manson-Coffin relation. The results of this fitting for the 60Sn-40Pb isothermal tests 
' 

performed at OOC,. 2SOC, and 1250C are shown in figure 12. Only the 35% shear test has 

been performed at -550C because the trend for the other isotherms, in combination with the 

much superior fatigue exhibited at -550C with 35% shear, suggests that the time required to 

accumulate further results along this isotherm would currently be impractical. As seen in 

figure 12, room temperature (2Soq and ice water (OOC) isotherms yield nearly the exact 

same fatigue power term. The data at 12SOC also yields the same power term when the 
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point at 20% strain is excluded. This scatter at 20% strain indicates that pending 

investigations scheduled to follow this initial research must perform several identical tests at 

all points along each isotherm in order to determine whether or not ·the scatter in high 

temperature isothermal fatigue data is real. 

Figure 13 shows an SEM micrograph of a failed 60Sn-40Pb joint having undergone 

35% shear fatigue at 1250C. In this micrograph, grains appearing dark in contrast are Sn

rich phase, while those light in contrast are Pb-rich phase. Extensive cracking is found 

along the grain boundaries in the Sn-rich phase and at the interphase boundaries. Little 

cracking is found withitl the Pb-rich phase. The microstructure of 60Sn-40Pb solder joints 

tested at lower temperatures and at lower strains also show this cracking through the Sn-rich 

phase, but not to the same extent as found at higher temperatures. 

The results of the isothermal fatigue tests on 5Sn-95Pb solder joints are shown in 

figure 14. No strong correlation is found to exist between temperature, strain, and the 

number of cycles to failure for 5Sn-95Pb joints, in fact it would be preposterous to suggest 

that one can draw straight lines through the data for the purpose of determining a Manson

Coffin relation. The only conclusion that can be drawn from the data is that the isothermal 

shear fatigue properties displayed here by 5Sn-95Pb joints are poor throughout the 

investigated fatigue range. Pending investigations scheduled to follow this initial research 

must perform several identical tests at all points along each isotherm to determine whether or 

not the scatter in 5Sn-95Pb isothermal shear fatigue is real. 

Figure 15 shows an SEM micrograph of a failed 5Sn-95Pb solder joint having 

undergone 75 cycles of 30% shear fatigue at 1250C. Extensive cracking in the 

predominantly Pb-rich phase microstructure occurs, almost exclusively, parallel and 

perpendicular to the direction of applied shear and gives the appearance of a mosaic structure 
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throughout the joint. Similar failure features are observed under all conditions in the 

isothermal shear fatigue of 5Sn-95Pb joints. 
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DISCUSSION 

The computer controllable load frame constructed fulfills the proposed experimental 

requirements. It supplies accurate deformation control over a wide spectrum of 

temperatures while maintaining rigidity and alignment during deformations in which the load 

train passes through the zero mean load condition. 

The load frame has only been used for simple cyclic sawtooth shear displacement 

ramping at constant displacement rates. This manner of deformation cycling is a reasonable 

representation of the case in which temperatures change at a constant rate. In practice 

however, thermal variations take place in a more irregular fashion. Future work will make 

use of the flexibilities inherent to software feedback control for modelling more complex 

deformation cycling paths. 

The experimental data collected with the intent of illustrating the simple use of the 

load frame apparatus presented are revealing. At and below room temperature, the results 

show 60Sn-40Pb joints are superior in fatigue resistance when compared against 5Sn-95Pb 

joints. The alloys display similarly poor fatigue behavior at 1250C. 

The deterioration in the mechanical integrity of 60Sn-40Pb joints appears to be 

microstructurally linked to extensive intergranular cracking in the Sn-rich phase. The results 

suggest that the susceptibility of 60Sn-40Pb joints to such cracking is quite sensitive to 

temperature variations and that high temperatures.are most damaging in the military standard 

thermal cycle of interest . 

The deterioration in the mechanical integrity of 5Sn-95Pb, on the other hand, is 

linked to the formation of cracks through the Ph-rich phase that primarily run parallel and 
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perpendicular to the direction of imposed shear, as if deformation is accommodated along 

persistent bands of slip that eventually shear apart as cracks. FrearlS has found cracking to 

initiate at grain boundaries in the thennal fatigue of 5Sn-95Pb solder joints. The mosaic 

crack pattern appearing in failed specimens exposed to the examined high strain levels is a 

consequence of extending fatigue deformation to, and beyond, the defined mechanical 

failure criterion of a 30~ drop in cyclic load amplitude. The results do not suggest this 

degradation to be very sensitive to thennal variations, as failures occurred rapidly under all 

conditions. 

The 60Sn-40Pb joints possess a two phase eutectic microstructure with an 

interconnected Sn-rich phase network, while the 5Sn-95Pb joint microstructure is primarily 

a single Pb-rich phase. The experimental results suggest improved mechanical integrity of 

solder joints against isothermal fatigue is accomplished when fatigue damage is inhibited by 

an interconnected Sn-rich phase network. This view is supported by the results obtained by 

FrearlS in the thermal shear fatigue of 60Sn-40Pb solder joints. Frear found evidence of a 

strain influenced coarsening of both the Pb-rich and Sn-rich phases that appears to break up 

the interconnectivity of the Sn-rich phase into thin bands of coarsened Pb-rich and Sn-rich 

phase lying parallel to the direction of imposed shear. Cracks were found to initiate in these 

coarsened bands. The effectiveness of an interconnected Snorich phase microstructure in 

suppressing fatigue degradation is lost at 1250C, for both 60Sn-40Pb and 5Sn-95Pb display 

similarly poor fatigue behavior at this temperature. This indicates that at high temperatures 

the Sn-rich phase no longer inhibits fatigue damage. Alloying changes that promote the 
I 

mechanical integrity and interconnectivity of the Sn-rich phase at high temperatures are 

recommended for increasing the life of 60Sn-40Pb based solder alloys subject to isothermal 

shear fatigue, while alloying changes that inhibit grain boundary cracking and promote crack 

inhibiting precipitation are recommended for such an enhancement in 5Sn-95Pb based 

alloys. 
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The microstructural characterization of failures in this investigation is performed 

immediately following the completion of testing. In the case of the 60Sn-40Pb failures, the 

Sn-rich phase was found to be heavily cracked. This break up of the Sn-rich phase in 

isothermal fatigue may influence further microstructural development, in a manner 

analogous to that found by Frear in thermal fatigue, when a failed specimen is allowed to 

coarsen at room temperatures for extended periods of time. Metallographic interpretation of 

failed 60Sn-40Pb based solder joints thus becomes more difficult and suspect as the time 

following failure increases. 

It is still unclear as to what extent isothermal fatigue behavior can be used in the 

study of thermal fatigue, although prevention or retardation of the failure mechanisms 

observed at certain temperatures in isothermal fatigue may improve resistance to thermal 

fatigue. In thermal fatigue, the full reversal of an imposed shear strain takes place at a 
I 

different temperature from which it was originally exerted. One means of exploring the 

consequences of this difference of conditions during deformations is to impose a given 

amount of shear strain at one temperature and then change the temperature at which the 

strain is fully reversed. Synchronizing the control of movable thermal baths with that of the 

deformation cycling will enable such an investigation. This method of obtaining a greater 

understanding concerning the interplay of temperature and deformation cycling entails 

further modifications to the computer controllable load frame that has been presented. 
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CONCLUSIONS 

(1) The load frame apparatUs presented for the purpose of performing 

isothennal fatigue of.the modified double lap shear specimen operates in a satisfactory 

manner. 

a) It supplies accurate control control at low loads over the rates at 

which the load train exerts specifiable displacements on the order of 0.0254 mm (0.001 

inch) along the specimen gauge length. 

b) It ensures that specimen joint deformations are constrained to shear 

by maintaining rigidity and alignment as the load train passes through the zero mean load 

condition. 

c) It is capable of performing tests in a wide spectrum of temperature 

conditions, of which :MIL~S~833C is included. 

(2) The load frame presented reveals valuable infonnation concerning thermal 

fatigue. The experimental procedure conducted to illustrate the use of the apparatus yields 

the following conclusions: 

a) Isothermal fatigue of 60Sn~40Pb and 5Sn-95Pb solder joints in 

modified double lap shear specimens shows that 60Sn~40Pb joints possess greater 

isothermal fatigue resistance in temperatures at and below room temperature. The two 

solders exhibit similarly poor fatigue resistance at 1250C. 

b) The interconnected Sn-rich phase in the 60Sn-40Pb eutectic 
I 

microstructure is responsible for the alloy's superior fatigue performance. This phase no 

longer inhibits fatigue damage at higher temperatures, for the fatigue characteristics of this 

alloy then resemble those of the predominantly single Pb- rich phase microstructure 

constituting 5Sn-95Pb joints. 

-. 
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c) Alloying changes that promote the mechanical integrity and 

interconnectivity of the Sn-rich phase at high temperatures are recommended for increasing 

the life of 60Sn-40Pb based solder alloys subject to thermal fatigue in shear, as the high 

temperature portion of the thermal cycle appears most damaging. 

d) Alloying changes that inhibit grain boundary cracking and promote 
. 

crack inhibiting precipitation are recommended for increasing the life of 5Sn-95Pb based 

solder alloys subject to thermal fatigue in shear. 

(3) A greater understanding of the correlation between isothermal and thermal 

fatigue may be obtained with further modifications to the load frame apparatus presented 

herein. 
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FIGURE CAPTIONS 

1. Origins .ofThennal Fatigue. 

2. Cracked LCC Solder Joint After 700 Thennal Cycles (Reference 4). 

(Photograph courtesy ofM. Wolverton, Texas Instruments) 

3. Conventional Solder Shear Testing Specimens: 

a) Single Lap, b) Double Lap, c) Ring and Plug. 

4. Modified Double Lap Shear Specimen. 

5. Specimen Block Assembly Dimensions. 

6. Two Stage Vacuum Furnace Used in Specimen Processing. 

7. Computer Controlled Load Frame. 

8. Load Frame Component Diagram: 

1} stepper motor, 2} actuator, 3} load cell, 4} specimen, 5} computer. 

6} analog-to-digital converter. 

9. Modified Double Lap Shear Specimen Undergoing Shear. 

10. Table oflsothennal Fatigue Results for 60Sn-40Pb Joints. 

11. Plot ofisothennal Fatigue Results for 60Sn-40Pb Joints. 

12. Fatigue Exponents in Manson-Coffm Relation for 60Sn-40Pb Data. 

13. Failed 60Sn-40Pb Joint Cycled at 35% Shear and 1250C. 

14. Table of Isothennal Fatigue~Results for SSn-9SPb Joints. 

15. Failed SSn-9SPb Joint Cycled at 30% Shear and 1250C. 

20 



Origin of Thermal Fatigue 

Electronic Package 
at Room Temperafure 

Package at low Temperature 
side of cycle (-55 °C). 

Figure 1 
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XBB 874-3225 

Figure 2 
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Figure 10 
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MANSON- COFFIN LOW CYCLE FATIGUE EXPONENTS 

FOR ISOTHERMAL FATIGUE OF 60Sn-40Pb JOINTS 

TEMPERATURE (CELSIUS) FATIGUE EXPONENT ST AT1ST1CAL CORRELATION 

125 -0.258 0.89 
125 

(EXCLUDING 20% STRAIN) -0.188 0.99 

25 -0.181 0.99 

0 -0.189 0.99 

Figure 12 
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