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CRACKED SOLDER JOINT MECHANISM IN DISCRETE
COMPONENT ASSEMBLIES

H. P. ESTES and P. E. THEOBALD

Summary    Solder joint cracking has occurred in assemblies where discrete part sub-
assemblies are fabricated on Printed Circuit Boards and conformal coating is applied to
the sub-assembly.

The objective of the investigation were to determine the extent and seriousness of the
problem, to determine the cracking mechanism, and to provide engineering and process
information to eliminate the problem.

The analysis and test results indicate that many factors influence the strength of a solder
joint and the ultimate crack that developes. Contamination by gold products and other
foreign materials can significantly affect solder characteristics. Aging and temperatures
experienced in the normal operating range of certain equipment adversely affects the
strength of the solder materials. Conformal coating between the discrete part and the
Printed Circuit Board is a major contributor to the cracking mechanism. Transistor
assemblies using a Spacer under the TO-5 enclosure with Kovar Lead Material and
completely covered with conformal coating have a high incidence of cracked solder
joints. This condition is caused by the mis-match of coefficients of expansion between
the Kovar Lead and the conformal coating.

Introduction    Information received by Chrysler Corporation in September 1966 started
an investigation of the cracked solder joint problem. The information indicated that
cracking appeared to be the result of stresses setup within the joint, primarily caused J)y
conformal coating or staking compound.

Preliminary test determined that solder joints could be cracked in the laboratory by
applying two (2) cycles of thermal stress over a temperature range of -20EC to +85EC.
The results of the preliminary test program indicated that a problem did exist. A program
was developed with the following objectives:

1) To determine the location of cracks and evaluate the seriousness of the problem.

2) To determine the need for an intensified investigation and test program.



To implement these objectives, 1,46,000 solder joints on discrete part assemblies were
inspected using a 30 power microscope. The tabulation of cracked joints that had not
caused circuit failures is as follows:

Component

Transistors 51
Modules 47
Resistors 8
Diodes 7
Capacitors 11
Bifurcated Terminals 32
PC Connectors    4 Total . . 160

There are several reasons why these cracks did not cause circuit failures. Stress on the
solder joints did not reach serious proportions and temperatures prevailing in the
assemblies remained near ambient; thus, large cracks did not develop. To date, only four
circuit failures were found attributable to cracks that occurred in equipment operating at
rather high temperatures. Only one of the four failures was verified in the laboratory as
the other 3 were reworked before the presence of cracks was identified. This failure
occurred when the base, emitter, and collector solder joints on a 2N657 all displayed
cracks. Application of slight pressure on the top of the 2N657 caused an intermittent
operation of the circuit.

Analysis and Test    To determine the cause and mechanism by which solder joint
fractures occur, a program of analysis and testing was implemented with the following
objectives:

1) Determine the thermal condition inside the assemblies.
2) Determine the coefficient of expansion of conformal coating used.
3) Analyze the effects of contamination and gold amalgamation on solder joints.
4) Determine the cracking mechanism.
5) Record on motion picture film the surface conditions of a solder joint during the

cracking sequence.
6) Develop applicable repairs.
7) Develop design guidelines.

Figure 1. - To appreciate the conditions encountered, let us examine the transistor sub-
assembly. The assembly consists of the transistor having a glass bulkhead. A spacer is
located between the bulkhead and board material. The Kovar leads are columns located
between the bulkhead, passing through the board and clinched loosely against the circuit
side of the printed circuit board.



Conformal coating completely covers the transistor and flows under the transistor
bulkhead filling all voids in the spacer.

Figure 2. - The coefficients of expansion of material in the sub-assembly are tabulated in
Figure 2. The right column indicates the unrestrained length change per degree
fahrenheit change.

Figure 3. - A determination was made of the coefficients of expansion of conformal
coating used on the sub-assemblies under consideration.

Five sources of conformal coating products were contacted who were qualified under the
applicable specification. The vendors did not know the C.O.E. of their products, however
estimates ranging from 30 to 150 ppm/EF were suggested.

Tests were run on products from these sources with the following results:

Source 1 C.O.E. ppm/EF Temperature Range EF
Sample A 102.5 81/177
Sample B 102.5 81/177

Source 2 100.0 88/182
Sample A 102.0 85/179.5
Sample B 99.5 80/181

Source 4 98.0 81/181
Source 5 77.5 84/182
Teflon Control Sample 54.0 82/176

Figure 4. - During the analysis of the conformal coating C.O.E. data, an interesting
condition was noted.

Figure 4 has three different materials plotted. Two are from data supplied by Dupont,
one material similar to the conformal coating on the assemblies and one slightly harder.
The third curve represents data of a test conducted at Chrysler Corporation Space
Division of presently used conformal coating. Although the test data is limited it is
interesting to note that polyurethane materials exhibit a variable coefficient of expansion
through the temperature ranges.

These differences could be significant when attempts are made to match the coefficients
of various materials in the discrete part assemblies. Other major contributors involved in
the cracking mechanism of the solder joint is the amount, rate change and resulting
temperature that the discrete part sub-assembly is subjected to during operation and off-
time.



1 Schlaback and Rider “Printed and Integrated Circuitry” McGraw-Hill 1963.

Figures 5, 6, 7. - The figures indicate a condition existing that influence the cracking
mechanism.

Air temperatures were recorded in various areas in three different assemblies. This data
was compiled to determine if any large temperature variations were experienced by these
assemblies during operation. All tests started with an ambient temperature of 24 to 25EC.

It should be noted that cracked solder joints have been located in all three assemblies
without any pattern developed except in one (1) circuit.

Recorded Temp. Rise, Figure 5. - Assembly #1 power supply exhibits an 9EC rise above
ambient temperatures. Other areas exhibit a 3E to 4EC rise.

Figure 6. - Within assembly #2 the power supply area exhibits a 9EC rise above ambient
and other areas of the low power dissipation exhibit a rise of 1EC to 4EC.

Figure 7. - Assembly #3 has a different thermal signature than the two previously
discussed assemblies. The general temperature level within all parts of the assembly is
higher by 5EC, or more than twice the temperature rise of the other assemblies. The
power supply temperature rise is 16EC or almost twice the rise of other power supplies.

TC8, located near the hottest parts of the sub-assembly, has a 20EC rise. This is in a
regulator circuit area where the serious joint cracking had occurred. Case temperatures of
the transistors on the regulator printed circuit board were also recorded. A 41EC rise was
noted on the case of a 2N657. Two effects of these high temperatures are detrimental to
solder joints. As the temperature increases within the ranges experienced the strength of
the solder decreases, and elevated temperatures accelerate the aging process of the
solder.

Figure 8. - A microphotograph of a good solder joint is included for reference. Notice the
solder is smooth and dense. The solder covers the wire without voids or discontinuities
of any sort.

Materials Investigation    Tests1, indicated that 5% of gold by weight in a 60/40 tin-lead
solder joint can markedly reduce the ductility in addition to forming undesireable gold
solder compounds.

During the manufacturing process, the gold plating is removed from the solder pad on
PWA’s with an eraser. This process does not remove all of the gold. The gold plating is
not removed from the component lead or from the bifurcated terminal prior to assembly.



Figure 9. - Generally the lead materials involved include gold plated Kovar on
transistors, tin coated nickel on modules, copper on capacitors, gold plated beryllium
copper on connectors, and gold plated copper on bifurcated terminals. Figure 9 indicates
a material problem with a gold amalgamation formed at point A. Notice how the solder
has puddled along the top of the gold. In addition we have a void (point B) probably
caused by a cyniade complex or other contamination. Point C is the gold plating and
point D is the copper pad. Notice that this crack is shallow and does not affect the
electrical continuity of the joint. (Points E). In our analysis we have found the gold
plating is not a basic cause of cracks but is a contributing factor.

Conditions that contribute to the cracking of solder joints associated with the transistor
sub-assemblies that have been under investigation, have been outlined., In brief these
conditions are important factors in causing cracked solder joints:

1) Thermal cycling of the assembly.
2) Mis-match of thermal coefficients of expansion of materials. Kovar lead material

3.25 vs conformal coating at 97.6.
3) Gold and other contaminants that affect the strength of the solder.

With these conditions present the mechanism of the failure can be explained as follows:

Failure Analysis (refer to Figure 1).

1) The principal failure mechanism which creates cracks in solder joints is stress
applied to the joint in the absence of adequate component lead stress relief.

This mechanism is activated by thermal cycling, due to environmental extremes
and operational temperatures, which act upon the wide range of coefficients of
expansion found in the various materials in and surrounding the joint.

2) The strength of solder normally decreases with time. The aging effect is
accelerated by elevated temperature and exposure to repeated stress.
Contamination also reduces the strength and includes the presence of gold.

3) The conformal coating is applied to the assembly in a viscous form and then cured
for 14 hours at a temperature between 60EC and 76.6EC. During this period of
time, at the elevated temperature, the coating adheres strongly to the transistor
bulkhead and board. A stress balance probably occurs at the curing temperature. If
shrinkage allowed under the coating specification is introduced after the adhesion
takes place (3% Max), the balance temperature may change.



4) When the assembly is cooled to ambient (25%C) after the curing stage a
compression stress is introduced into the Kovar lead and a shear stress occurs in
the solder joint. When the assembly is heated up during normal operation,
especially in the VCO circuit enclosure, the assembly passes through the stress
balance point, a tension stress occurs on the Kovar lead and a reversed shear stress
occurs on the solder joint. Thus a stress reversal has occurred in the solder joint.
This condition is probably the chief cause of the cracking condition.

Repairs. - Equipment in operation can be modified to reduce the incidence of cracking.
Three methods are included as follows:

Vinyl Boot Fix - Figure 10. - Vinyl boot repair of transistor cracked solder joint.

1) Illustrates the manner in which the boot prevents conformal coating from entering
beneath the transistor. Examples of this repair were installed on the sample boards;
twenty thermal cycles of -20EC to +85EC and one of -50EC to +85EC were
completed without the development of cracks. This repair is preferred over #2
because it relieves the source of stress.

Copper Sleeve Fix - Figure 11.

2) Repair cracked solder joint by the use of an oxygen free high conductivity copper
sleeve. This repair was performed on sample assemblies. Twenty (20) cycles of
temperature from +85EC to -20EC were completed without cracks developing. The
OFHC sleeve increases the strength of the solder joint without relieving the cause
of stress, thus transferring it to some other part of the assembly.

The photograph (Figure 12) of the sleeve fix indicates the size and shape in relation to
the normal solder joint. The sleeve fix was inspected closely by re-moving the conformal
coating to see if the pad had been lifted or if other problems had developed. None were
visable. Prior to the application of this type of fix proper authority must be granted by
Procurement agency. This fix has not received across the board approval.

Bifurcated Terminals    (Figure 13). - All leads attached to bifurcated terminals must
have some degree of freedom. On one assembly the leads were twisted and the solder
joints cracked. This was from lightning the sub-assembly without holding the transistor.

Design Guidelines

1) Every effort must be made to provide adequate strain relief for the leads of
discrete components.



2) The specification of materials which are associated in any way with the solder
joint and which have dissimilar coefficients of expansion should be avoided.

3) It is desirable to install components such as welded modules, where multiple leads
emerge from a single surface, by rotating them 90E so that the leads may be bent
for strain relief.

4) Adequate cooling should be provided by the use of heat sinks or other thermal
paths when further derating is not feasible.

5) Avoid installation configurations which will permit the pocketing of conformal
coating beneath components.

6) The use of transipads with transistors is to be discouraged; when this cannot be
avoided, provisions for strain relief of the leads such as a “c” bend should be
specified.

7) Specify components with solder plated leads; gold plating is to be avoided.
8) Solder plated printed circuit board conductors are preferred.
9) Electronic assemblies should be designed to minimize the temperature extremes

that will be seen by the enclosed printed circuit boards.

Time-lapse photograph was used as a tool for further analysis of actions taking place
during thermal cycling of the representative solder joint.

Time lapse photograph data:
2N337 transistor lead photographed
Recording time: 24 hours
Frame Rate: 10 FP minute first 8 hours

  5 FP minute second and third 8 hours
Solder pad diameter   80   thousandths of an inch
Crack width developed   1   thousandths (approx.)

The assembly was installed in a temperature chamber. Power was applied to the circuit
during the temperature rise and removed during the temperature decrease. Typical
temperature cycling is noted on Figure 14.

Seventeen temperature cycles were completed as noted below. These reflect chamber
ambient temperature air.

Cycle 1 25EC to 0EC Cycle 10 85EC to 0EC
2 0EC to 85EC 11 0EC to 85EC
3 85EC to 0EC *12 85EC to 0EC
4 0EC to 85EC 13 25EC to 0EC
5 85EC to 0EC 14 0EC to 85EC

*6 0EC to 85EC 15 85EC to 0EC
7 25EC to 85C 16 0EC to 85EC



8 85EC to 0EC 17 85EC to 0EC
9 0EC to 85EC

* = cycles indicated occurred at the end of the day shift and were not continued during
the night shift.

The motion picture was evaluated to determine when, in each cycle, first motion
occurred, the extent and type of solder displacement and direction of displacement.
Figure 15 represents the first motion time for each cycle. No motion was observed during
cycles 1 and 13 which had a temperature change from 25EC to 0EC. Five types of
indications were observed to occur during the temperature cycling.

1) A texture change on the surface of the solder occurs at the heel of the joint which
tends to outline the through hole in the PWA.

2) During cycle #2 a reflection on the Kovar lead moved along the lead as the
temperature was changing. This indicated that the lead was bending with the toe
end acting as a hinge.

3) During cycle 5 the crack developed. The edges of the crack became distinct.
4) Bright spots appear and disappear on the surface of the solder in the general

location where the crack finally developed. The bright spots are reflections of the
lighting sources and are attributed to irregularities on the solder surface developed
by the motion of the solder under stress.

5) During the temperature cycles from cycle 5 on, the motion of the Kovar lead can
be seen quite readily. The lead moves out of the solder joint during decreasing
changes and into the solder joint during increasing temperature changes. This
action also makes the crack appear to open and close.

Reference Figure 15

The plot of first motion observed on the surface of the solder joint after the beginning of
each cycle is presented. Although the data is limited to one run of 17 cycles, a trend is
noticeable. The time to first motion during both increasing and decreasing temperature
cycles is progressively less to cycles 10 and 11. The trend seems to be reversed after
cycle eleven. The complete evaluation of this phenomena is not anticipated. Cycles 1 and
13 indicate no motion because of their small temperature excursion from 25EC to 0EC.

Reference Figure 16

The plot of end-of-motion observed on the surface of the solder joint after its beginning
of each cycle is presented. The trend observed of first motion is not as apparent for end-
of-motion. The time for each cycle varies considerably, however, the average time for
cycles 2 through 9 and 10 is fairly constant. At cycles 9 and 10 the time increases as was



noted on the first motion plot. It is logical to assume that as the solder joint fractures and
the crack developes, less force is required to start the joint moving; thus, it would be
expected that time to first motion and time to end-of-motion would be less as cycles
increase. The phenomena occurring at cycles 9 and 10 has not been completely
evaluated.

Instrumentation was not available to detect the actual joint temperature. It is realized that
an appreciable thermal lag existed between the chamber air temperature and that of the
joint. Since the circuit is energized after cold soaking, the time to first motion should be
shortened during the increase temperature cycle and the joint should stabilize at a higher
temperature than the chamber. During the decrease temperature cycle, the power is off
but the cooling effect of the chamber is not accelerated by any other source.

Verification of the theory of a stress balance point was not achieved which may have
been due to our ability to detect motion on the film and the limited accuracy of our
temperature controls.

Conclusions

1) Solder surface texture changes and bright spots do indicate stresses prior to the
appearance of a crack.

2) The solder joint cracks primarily because of a compressive force in the component
lead.

3) Cracks do not appear abruptly, nor do they progress rapidly.
4) Many more cracks could be detected if the inspection was made at reduced

temperature due to the “self-healing” tendency of a crack at normal ambient
temperature.

5) Conformal coating under the part with temperature cycling over normal operating
temperatures can cause cracks when no stress relief is provided.

6) Contaminants, including gold from plated parts reduce the strength of solder
joints.

7) Cracks that have been detected in assemblies other than the 4 previously discussed
failures are partial fractures and therefore have not caused circuit failures as
shown in Figure 14.

Figure 17. - Figure 17 is typical of many joints sectioned. It is significant to note that
although the crack looks severe on the surface, the crack does not affect the electrical
continuity of the joints. For this reason we feel that cracks occurring in equipment other
than in assembly #3 where the temperatures are rather high, the probability of electrical
failure is very low. This is supported by the number of cracks observed without any
electrical failures.



Figure 2



Figure 3

Figure 4



Figure 5

Figure 6



Figure 7

ACCEPTABLE SOLDER JOINT

Figure 8
Good Solder joint.
Solder surface smooth and the solder is homogenous.



MATERIAL PROBLEM

Figure 9. - Material Problem

A. Gold amalgamation formed on the circuit path.
Enlarged section of point A. Gold amalgamation is formed between the copper
land (D) and the solder (F).

B. Void in solder.

E. Surface of solder with crack evident.

E1. Section of crack showing location in joint.

E2. Enlarged section of crack.



Figure 10

Figure 11



SOLDER SLEEVE FIX

Figure 12. - Tublet

A. Tublet soldered in place

B. Copper land.

C. Copper pad.

D. Normal solder joint.



BIFURCATED TERMINAL

Figure 13. - Bifurcated Terminal

A. Bifurcated terminals.
B Clearance must be allowed for stress relief.

Figure 14



Figure 15

Figure 16



TYPICAL CRACK JOINT

Figure 17. - Typical Cracked Joint

A. Surface indication of a crack.

A1. Position of crack in joint.

A2. Enlarged section of crack.

B. Position of crack in joint.

B. Enlarged section of crack.




