
Failure Mechanism of Tin 
Plating in the Solder Industry 

BY A. AUDELO 

Study pinpoints cause of a certain type of failure and 
offers a method for overcoming the problem 

ABSTRACT. Present users of re-
f lowed tinplate (fused t in , f low-
melted tin) over a copper base plate 
are periodically troubled w i th assem
bly line solder failures that are char
acterized by separation of the solder 
fi l let from the plated assembly, ex
posing the copper base metal and 
giving the appearance of plating 
delamination. Residual heat from the 
soldering process oxidizes the copper 
at the fracture interface leaving an 
appearance that has heretofore gen
erally led the failure analyst to con
clude that plating bath contamination 
is at the root of the problem. 

Metallurgical evaluations of these 
fractures indicate the failure occurs 
along the copper-tin intermetall ic 
interface. Solderability and adhesion 
tests of the plated parts indicate that 
poor adhesion, if indeed the fact, is 
localized and limited only to the 
solder area. Measurements of the 
intermetallic layer thickness before 
and after soldering, and in both failed 
and acceptable joints indicates that 
separation of the layer, in shear, from 
its copper base is related to the com
pound thickness. 

The intermetall ic thickness is crit
ical in applications where shear fa i l 
ure is a predominant mode. The 
observation is made irrespective of 
the total t in plating thickness. Users 
of thin f i lm coatings, less than 
0.0002 in. (0.00051 cm.), in non-
stressed applications should be con
cerned wi th the layer thickness for its 
effect on solderability after storage 
for longer than 6 months. Metallo-
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graphic and quasi-nondestructive test 
methods show that thicknesses of 
the Cu6Sn5 intermetallic, ranging 
from 0.00005 in. (0.00013 cm.) to 
0.00012 in. (0.00031 cm.), can result 
from the reflow process. The mor
phology of this buildup is the same as 
that for specimens artificially aged at 
1 50 C for 1 6 days. This massive build
up continues wi th the introduction of 
soldering temperatures. When the 
thickness approaches 0.00011 in. 
(0.00028 cm.) there is an apparent 
loss of ductility of the compound layer 
that can result in brittle fracturing. 

In t roduct ion 

The use of pure tin or t in alloy 
plating to facilitate production solder
ing operations is widespread. Wi th in 
the realm of these types of coatings 
the advantages of using reflowed t in 
where storage life is a consideration 
have been wel l explained (Ref. 1). 
Problems wi th unwet and dewetted 
joints for parts subjected to short t ime 
(i.e., 3 to 6 months) storage can be 
considered normal w i th the use of 
this coating and are easily corrected 
wi th a simple procedure such as a 
change in the flux provided there is a 
sufficient amount of free t in available 
for the solder task, i.e., 0.00005 in. 
(0.00013 cm.). One problem, how
ever, that periodically confronts re-
f lowed tin users, and for wh ich the 
corrective action invariably seems to 
be to strip and replate the parts, is a 
separation of the tin plate from its 
copper base plate during soldering. 
The surface of the exposed copper 
plate is oxidized and faulty plating pro
cedures are handily deemed the 
cause for failure. 

As in the case wi th many failure 
investigations, when the corrective 
action proves to be successful, the 
failure analyst is assumed to have pin
pointed the problem and the stated 

Fig. 1 —Solderability and peel tests 

cause of failure is deemed correct. 
This paper wi l l attempt to show that 
this empirical analysis was incorrect 
even though the corrective action is 
one alternative action that wi l l prove 
successful. 

Investigative Procedure 

Plating Evaluation 

If poor plating adhesion was to be 
considered the cause of this type of 
failure, it was reasonable to assume 
that this condition would manifest 
itself as a general condition for any 
plated surface of a failed part. To test 
the integrity of the plating, solderabil
ity and peel tests were performed on 
previously undisturbed areas of parts 
exhibiting failure. 

Undisturbed areas immediately ad
jacent as was possible to the fai lure 
were cleaned for soldering. A strand 
of 0.032 in. (0.081 cm.) diam copper 
wire was torch soldered to each part 
as illustrated in Fig 1. The solder f i l let 
was examined at 20* magnification 
for defects. The wire was then pulled 
and the resultant fracture interface 
examined. 

95Sn-5Sb solder was used for 
these tests to duplicate as closely as 
possible the actual solder conditions 
under which failure occurred. Produc
tion soldering is accomplished by 
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Fig. 2 — Separation of solder fillet at intermetallic to copper plate 
interface. Note side plates extending into solder matrix. X250, 
reduced26%o 

cig. 3 — Fracture of CuB Sn5 layer at copper plate interface. X500, 
reduced 26%o 

either torch or induction heating. 
Torch heating was used for these 
tests because it was felt that this 
method represented the worst condi
tions possible. However, because of 
the size of wire to be soldered, heat
ing was iocalized whereas in produc
tion the entire part is heated. 

Metallurgical Evaluation 

Sections of failed parts were pre
pared in accordance w i th procedures 
recommended by the Tin Research 
Institute (Ref. 2) wi th the exception 
that the cold-mounting compound 
was an epoxide manufactured by 
Buehler Ltd. (Ref. 3). Al l samples 
were etched by a 10 sec swab w i th 
60% H202-40%NH40H fol lowed by a 
10 sec swab wi th 2% Nital. 

The areas selected for examination 
were: 

1. Sections of unsoldered but 
heated areas of failed parts 

2. Sections of solder joints exhib
iting cracks in the solder fi l lets 

3. Sections of solder joints of parts 
not exhibiting any defect and passing 
pressure tests 

4. Sections of solder interfaces of 
total fractures 

5. Sections of sample parts unpro
cessed but known to be of the same 
plating lot 

A l l sections were examined for 
solder defects and the intermetall ic 
layer thickness. 

SEM and Electron Microprobe 
Analyses 

Of the investigative tools available 
to today's failure analyst, the scan
ning electron microscope and the 
electron microprobe are two of the 
most significant developments in 
recent years. These tools were 
utilized to confirm the presence of the 
intermetall ic in the fracture interface 

and provide a topographical scan of 
the fracture region. Samples of the 
solder interface and a fractured part 
were submitted for these analyses. 

One sample selected had sep
arated in its entirety. The solder fi l let 
appeared undamaged. The topograph
ical scan was taken at the point of 
separation from the mating part. The 
microprobe analysis was made at an 
acceptable solder interface of a part 
that exhibited only a partial fracture. 

Exper imenta l Procedure 

It is the goal of every failure analyst 
to demonstrate the accuracy of his 
conclusions by being able to duplicate 
the failure mode. A program utilizing 
the observations made regarding the 
relationship of intermetall ic com
pound thickness to solder joint frac
ture was initiated. The objectives 
were to (a) devise a nondestructive 
technique for determining the com
pound thickness and (b) to utilize 
these test results to predict a failure. 

Previous experimentation conduct
ed to evaluate plating thickness 
inspection equipment indicated that 
the compound thickness can be deter
mined by comparing the instrument 
measurements of the t in plating thick
ness from a Micro-Derm (Ref. 4) and 
Kocour Electronic Thickness Tester 
(Ref. 5). The Kocour test method mea
sures only free tin whi le the Micro-
Derm method measures the total 
whi te metal deposit on copper. 

To determine the accuracy of this 
technique, 25 specimens were mea
sured as fol lows: 

1. Determine the t in plating thick
ness w i th the Micro-Derm, (value A) 

2. Determine the t in plating thick
ness of the same area wi th the 
Kocour, (value B) 

3. Calculate intermetall ic thick
ness by subtracting value A from 
value B 

The samples were then overplated 
wi th copper and examined metallo-
graphically. 

Solder Samples for Failure Prediction 

The nondestructive test method de
scribed above was used to measure 
thecompoundthicknesses of 25 parts 
from a recently plated lot and 25 
parts from a lot known to exhibit fa i l 
ures. Two samples from each group 
were metallographically sectioned to 
verify the test accuracy. The balance 
of the groups was then soldered. Al l 
pieces were pressure tested and 
examined for evidences of failure 
(i.e., fracture lines or total separa
tion). Prior to this examination, pre
dictions regarding the probability of 
failure were made. Test pieces from 
both solder groups were then exam
ined metallographically to determine 
the accuracy of the forecast. 

Invest igat ive Results — 
Plating Evaluat ion , 

Ten samples of failed parts were 
prepared wi th the copper wire sol
dered to a previously unsoldered area 
adjacent to the point of failure. There 
were no evidences of solderability 
problems such as voids, nonwett ing, 
or dewett ing. 

Visual examination of the fracture 
areas after the peel tests showed no 
evidence of delamination of the t in 
plate from its copper base. Metallur
gical sections of the solder joints 
showed a continuous interface layer 
of copper-tin intermetall ic approx
imately 0.00008 in. (0.0002 cm) in 
thickness. Examination of the areas 
surrounding the fi l lets showed the 
free tin content of the plating to be ap
proximately 0.00008 in. (0.0002 cm) 
to 0.0001 in. (0.00025 cm). 
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/Tg. 4 — Side plate growth. Sn-5Ag solder aged 1 hr at 150 F 
Photograph courtesy of General Electric Co., Syracuse, N.Y. 

f/ff. 5 — Spheroidization Sn-40Pb solder aged 1 hr at 200 C. Pho
tograph courtesy of General Electric Co., Syracuse, N. Y. 
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Fig. 6 — Spheroidization phase complete in tinplate after solder
ing process is completed. Area shown is not a solder interface. 
XI000. reduced26% 

Fig. 7 — Same as Fig. 6 except section is from part that exhibited 
dewetting in addition to a fracture. Cu6Sn5 intermetallic extends 
to plating surface. XI000. reduced 26% 

Invest igat ive Results — 
Meta l lurgical Evaluat ion 

Samples representing seventeen 
failed units were examined for this 
study. In every instance, failure oc
curred along the intermetall ic inter
face to the copper base plate. The 
intermetallic layer was continuous on 
all areas examined, not only in the 
failure regions. 

Common to each fractured inter
face was the fact that the intermetal
lic layer thickness exceeded 0.00011 
in. (0.00028 cm). There were some 
noticeable differences in the morphol
ogy of the compound in the fracture 
area from that of adjacent nonsol-
dered areas of the same part. Using 
the recently presented work of L. Zak-
raysek (Ref. 6) as a guideline for ter
minology, the compound is in the 
early stages of the spheroidization 
phase when fracturing occurs. Figure 
2 shows a section of a completely 
separated solder fil let. The massive 
side plates extending into the solder 
matrix are clearly visible even at low 
magnification. Figure 3 shows a 

section of a part exhibiting a fracture 
detected during the visual examina
tion. The intermetallic layer is 
rounded in some areas but side plates 
are stil l visible indicating that the 
spheroidization phase is in progress. 
Figures 4 and 5 are photographs sup
plied by Zakraysek that show phase II 
side plate growth and phase III spher
oidization of the compound layer. 

The areas adjacent to the fracturing 
show the morphology of the tin plate 
to have progressed to the completion 
of the spheroidization phase. Figure 6 
is a section of an area adjacent to a 
fracture. The rounding is complete 
and there is an absence of any side 
plate formation. 

It is interesting to note that in most 
cases there was never any indication 
of solderability problems during the 
assembly process. One exception to 
this observation was a group of parts 
that exhibited dewetting and required 
a longer soldering t ime to fabricate 
the parts. The rejection rate for this 
group exceeded 40%. The morphol
ogy of the fracture areas was the 
same as that noted for Fig. 3 w i th the 

exception that the compound layer 
thickness exceeded 0.00014 in. 
(0.00036 cm). 

Figure 7 is a section showing the 
morphology of the tinplate of a failed 
part that also exhibited wett ing prob
lems during assembly. The spheroids 
were considerably larger and inter
mittently extended to the surface of 
the plating. The solder fi l let was 
characterized by numerous voids 
wi th in the matrix. These parts had 
been in storage for 14 months prior to 
this investigation. Inspection records 
revealed that initially there were no 
problems experienced wi th the parts 
but the solderability problems and 
failure rates had become progres
sively worse wi th t ime. Failure 
samples from this group were submit
ted to another laboratory for inves
tigation. Their results verified the 
wett ing problems noted during our 
investigation. Their meta l lurg ica l 
investigations also found areas on 
the parts that had no free tin avail
able for soldering. Figure 8 is a photo
micrograph of such an area. 

In attempting to evaluate the role of 
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the compound thickness in solder fa i l 
ures, ten (10) samples of acceptable 
solder joints (i.e., joints that passed 
the visual examinations and pressure 
tests after soldering) were metallur-
gically prepared for examination. In 
all cases, the layer thicknesses were 
less than 0.0001 in. (0.00025 cm). 
Additionally the morphology of the 
intermetall ic was found to be in the 
f inal stage of the spheroidization 
phase. Figure 9 is a typical section of 
an acceptable solder joint. 

Evaluations of freshly plated parts 
revealed that the average compound 
thickness to be expected as a result of 
reflowing is approximately 0.00005 
in. (0.00013 cm). The thickness of 
this intermetall ic envelope varies 
wi th the length of time in the reflow 
tank. It was noted that side plates 
(see Fig. 4) begin forming as the 
thickness approaches 0.00006 in. 
(0.00015 cm). It is important to note 
that in all cases, the intermetall ic 
layer was found to be continuous. 

There was no noticeable growth of 
the CugSn intermetall ic layer as a 
result of soldering. This layer is not 
visible in any of the photomicro
graphs presented here and was calcu
lated to be approximately 0.000025 
in. (0.00006 cm) in thickness. Micro
probe analysis of the solder interface 
showed the presence of this com
pound but does not accurately show 
its thickness because the sensitivity 
of the beam used is approximately 
1 micron (Fig. 10). This data supports 
Zakraysek's observation that the 
Cu3Sn phase grows at a much slower 
rate than the predominant Cu 6Sn 6 

phase and does so at the expense of 
the tin rich intermetallic. 

Invest igat ive Resul ts — S E M 
and Electron M i c r o p r o b e 
Analysis 

The microprobe analysis (Fig. 10) 
shows the presence of both the 

Cu3Sn and Cu6Sn5 Intermetallics. 
The Cu3Sn phase occurs next to the 
copper plate and the dominant phase, 
Cu6Sn5 , forms next to the solder 
matrix. The section analyzed is from 
an acceptable solder joint selected for 
continuity of the scan. 

Because of the continuous layer of 
intermetall ic visible on the fracture 
interface of the solder fi l let (see Fig. 
2) it was proposed that the delamina-
tion was a separation of the com
pound layer from its copper base in 
shear. A topographical scan of the 
separated solder fi l let interface was 
undertaken to confirm or deny this 
theory. The scan clearly showed the 
failure to be a brittle fracture in shear. 
Figure 11 is a photograph of the frac
tured surface. The separation is com
plete, as verified by metallurgical 
cross section, and occurred circumfer-
entially. No further investigations 
wi th the SEM were deemed nec
essary. 

Exper imenta l Results — Plat ing 
Thickness D e t e r m i n a t i o n s 

A total of fifty samples were 
measured using the coulometric and 
beta-ray backscatter inspection de
vices to determine the compound 
layer thickness. Metallurgical sec
tions made to determine the accuracy 
of this method lead this investigator 
to conclude that the accuracy of the 
test is better than 10%. Using this 
method it was determined that the 
average growth of the layer w i th 
torch soldering was 0.000025 in. 
(0.00006 cm) to 0.00005 in. (0.0001 3 
cm). Induction soldering produced a 
more uniform growth rate of approx
imately 0.00004 in. (0.0001 cm). The 
variance is attributed to the fact that 
torch soldering is totally dependent 
on operator technique w i th no two 
temperature excursions considered 
identical. 

One group of parts was found to 
have intermetallic layer thicknesses 
less than 0.0001 in. (0.00025 cm) 
after soldering. No failures were 
anticipated prior to pressure testing. 
These predictions were confirmed. To 
further verify the integrity of the 
solder joints, 5 samples were burst 
tested. The resultant burst pressures 
exceeded 5 times the rated operating 
pressures of the part under test. In all 
cases, failure occurred in the solder 
fillet. A visual examination at 20 * 
magnification of all the fracture inter
faces showed no evidence of delam-
ination of the plating. There was no 
exposed copper visible. 

The second test lot, f rom which fa i l 
ures had been experienced during 
assembly showed the same inter
metallic growth rates during solder
ing. However, because the layers 
measured approximately 0.00008 in. 
(0.0002 cm) prior to soldering, 7 sam
ples exhibited post-soldering thick
nesses greater than 0.000125 in. 
(0.00032 cm). Of these 7 samples, 
two pieces completely separated 
during pressure testing and the other 
five exhibited circumferential cracks 
around the solder fil let. Three of 
these cracked pieces were burst 
tested. These three tests resulted in 
total separations of the intermetall ic 
layer exposing the copper base plate. 
The other two samples exhibiting 
fillet cracking were sectioned for 
metallographic examinations. Both 
samples were found to be fractured at 
the intermetall ic interface. The frac
tures were not complete. One sample 
showed fracturing only in the area 
where the intermetallic thickness ex
ceeded 0.00012 in. (0.0003 cm). 
The nonfractured layer measured 
0.00009 in. (0.00023 cm). This area 
is shown in Figure 1 2. 

Two acceptable solder joints from 
this second test group were sectioned 
and found to be free of any defects. 

A J • 

Fig. 8 — Typical cross section of part exhibiting solderability prob
lems. Note lack of free tin over intermetallic (c). (a) steel housing, 
(b) copper plate. Photograph courtesy of Alpha Metals, Jersey 
City, N.J. X1000. reduced 26%, 

Cu 
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Fig. 9 — Typical cross section of an acceptable solder joint. Note 
the rounding of the intermetallic layer and the disappearance of 
side plates visible in Fig. 2. X750. reduced 26%, 
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Intermetallic thicknesses were less 
than 0.0001 in. (0.00025 cm). 

Conclusions 

Failure Mode 

Although a visual examination 
would lead the investigator to believe 
the cause of the delamination to be 
faulty plating, nothing to support this 
theory was found in this investiga
tion. To the contrary, solderability and 
plating adhesion of adjoining plated 
surfaces were found to be satisfac
tory. The fact that the coating under 
discussion is reflowed t in must be 
given considerable weight in support
ing the conclusion that the plating is 
satisfactory. Flow melting is an excel
lent test in itself of plating integrity. 
Poor adhesion would have evidenced 
itself during this process. 

The SEM scan clearly shows that 
failure is a britt le fracture in shear. 

Metallographic examinations illus
trate the complete separation of the 
intermetallic layer from its copper 
base. Visible changes in the structure 
of the intermetallic indicate that 
failure is occurring during the regres
sion of the side plate formation to
wards spheroidization. 

Properties of the Copper-Tin 
Intermetallic 

Analysis of the data collected 
during this study indicates that loss of 
ductility accompanies the thickening 
of the intermetall ic layer. A similar 
observation was recently published 
by C. J . Thwaites (Ref. 7) of the Tin 
Research Institute. It would appear 
that this hypothesis is correct. Com
pound layers less than 0.0001 in. 
(0.00025 cm) do not appear to be af
fected by soldering. However, layers 
exceeding 0.00011 in. (0.00025 cm) 
fail in shear when soldered in a con-

Sn 

Fig. 10 — Microprobe A nalysis 

f iguration favoring this stress condi
t ion. 

The growth rate of the intermetall ic 
is quite rapid in temperatures exceed
ing 200 C. A 60 sec exposure in a 
fusing tank wi l l result in a buildup of 
0.00005 in. (0.00013 cm). Approx
imately the same growth rate can be 
expected from parts stored at 25 C for 
a year (Ref. 1). 

Value of Reflowed Tin Plating 

Industrial users of parts to be sol
dered wi th high temperature solder 
alloys are justif ied in their selection 
of reflowed t in as a plating to faci l
itate soldering. Its excellent solder
ability, even after relatively long 
periods of storage (i.e., 3 to 6 months) 
make it unequalled in the industry. Its 
use should not be without l imitations 
however. Manufacturers w i th a 
history of prior failures should exam
ine their assembly and plating pro
cesses wi th an eye for reducing the 
cumulative time at temperatures 
above 150C. 

Any solderability tests conducted 
prior to long storage should be re
peated before the parts are prepared 
for assembly. Plating requirements 
should be altered, whenever possible, 
to include a minimum of 0.00015 in. 
(0.00038 cm) of free tin after reflow-
ing. This wi l l , in most cases, provide 
an ample coating of free tin for easy 
soldering. 

Soldering operations vary from one 
assembly line to another. Tests 
should be performed to determine the 
compound layer buildup peculiar to 
each operation. This data should then 
be utilized to calculate the average 
buildup to be expected for a total 
system from plating to final assem
bly. Where the possibility of failure 
due to shear stress exists, efforts 
should be made to reduce the com-
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Fig. 11 — Fracture area viewed with SEM. Striations show total 
failure through slip. Photograph courtesy of Hi-Rel Laboratories, 
San Marino. Ca. X800, reduced27% 

V O I D 

Fig. 12 — Partial fracture occurring only in area where Cu6Sn5 

intermetallic exceeds 0.00012 in. (0.0003 cm). X250. reduced 
27%, 
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pound thickness buildup. Flux coated 
preforms, solder pastes and infra red 
heat sources are some of the recent 
developments that wi l l assist in this 
effort. 

N ondestructive Testing 

There is a method available for 
determining the approximate thick
ness of the intermetall ic layer. A 
method that wi l l perform the analysis 
in minutes wi th an accuracy of 1 0% is 
an invaluable tool to the solder engi
neer. Because the growth rate is t ime 
and temperature dependent the layer 
is reasonably uniform and a noncrit-
ical area for this test can be selected 
on most hardware. 

S u m m a r y 

The growth rate and effects on sol
dering of the copper-tin intermetall ic 
are proving to be predictable. Wi th 

this understanding it is becoming pos
sible to analyze existing solder 
systems and improve their reliability 
in this rapidly changing metal joining 
industry. The el imination of another 
unknown from the list of variables 
affecting quality and reliability wi l l 
help to insure that soldering because 
of its appeal as a low cost, readily 
modified joining system wi l l keep 
pace w i th other engineering tech
nologies. 
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