
Intermetallic Growth in 
Tin-Rich Solders 

Study affords better understanding 
of the performance of tin-base 

soldered joints exposed to 
temperatures of 100 to 200 C 

BY LOUIS ZAKRAYSEK 

Fig. 1 — Joint fracture that impairs con­
ductivity of an electrical connection, as seen 
by scanning electron microscope (SEM) 
at X140 (reduced 50%) 

ABSTRACT. For t in-r ich solder al­
loys, 200 C (392 F) is an extreme 
temperature. Intermetall ic growth in 
tin-copper systems is known to occur 
and is believed to bear a direct rela­
tionship to failure mechanisms. This 
study of morphological changes w i th 
t ime at elevated temperatures was 
made to determine growth rates of 
tin-copper intermetall ics. Preferred 
growth directions, rates of thicken­
ing, and notable changes in morphol­
ogy were observed. 

Each of four tin-base alloys was 
f lowed on copper and exposed to 
temperatures between 100 C and 
200 C for t ime periods of up to 32 
days. Metallographic sections were 
taken and the intermetall ics were ex­
amined. Intermetall ic layer thick­
ening is characterized by several dis­
t inct stages. The initial growth of 
side plates is extremely rapid and ex­
aggerated. This is fol lowed by retro­
gression (spheroidization) of the elon­
gated peaks and by general thick-
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ening. The dual-composition inter­
metallic thickens from 1 to 70 mi­
crons wi th some tendency to grow 
through voids in the solder matrix. 
The possibility was noted that me­
chanical properties can be enhanced 
by the preferred growth of the cop­
per-rich phase. The general theory 
for the diffusion-controlled growth of 
plates appears to be applicable to 
this metallic system. 

In t roduct ion 

The successful use of solder alloys 
requires (1) getting the right kind of 
solder joint made, and (2) assuring 
the soldered joint wi l l wi thstand 
environmental stresses and strains. 
Each of these requirements is re­
lated to the materials being joined, 
to the fil ler metal alloy used, to the 
soldering procedure and to the en­
vironment encountered. 

During the past ten years, much 
work has been done on improving 
soldering techniques. NASA's pi­
oneering effort on contour soldering 
for highly reliable joints is probably 
the impetus behind most of the elec­
tronics industry's move in that direc­
tion.1 As a result, a great deal of in­
formation regarding a supposedly 

well-established process has just 
recently come to light. More people 
now have a better understanding of 
how the soldering operation should 
be done. 

During the same t ime period, the 
need for this understanding was re-
emphasized by the trend toward 
automation in soldering. When large 
numbers of connections are at­
tempted simultaneously, it is imper­
ative that conditions for soldering be 
closely controlled,2 otherwise an in­
tolerable proportion of joints wi l l be 
found unacceptable. Much industry 
effort is still devoted to this aspect of 
the automated soldering process.3 

On the other hand, investigations 
into the useful life of wel l -made sold­
ered joints, have been given sporadic 
attention. Detailed analyses are 
often made only after the inad­
vertent misapplication of a soldered 
component results in failure. Now 
the demand is for more reliability 
and longer life under more severe 
service conditions, including higher 
allowable temperature limits. 

As a result, the type of failure 
shown in Fig. 1 is found to occur 
more and more often. A seemingly 
well made, and an apparently high 
quality connection becomes electr i­
cally intermittent or open due to joint 
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fracture. Metallurgical analysis of a 
number of such examples indicates 
that microstructural changes wi th 
t ime at temperature are, in large 
part, controll ing factors in deter­
mining the useful l ifetime of solder­
ed connections.4 Therefore, it seems 
advisable to learn more about the ef­
fect of the long-time exposure of 
common solder systems to high am­
bient temperatures.5 

Despite the preponderance of tech­
nical information gathered on the 
subject of the elevated-temperature 
use of materials, much of the avail­
able data6 pertains to the use of 
materials at temperatures in excess 
of 350 C. Few investigators, w i th 
some notable exceptions,7*8 con­
sider anything lower to fall w i th in 
the realm of a "h igh temperature" 
application. Yet, those who deal w i th 
t in-rich solder alloys f ind that, for 
them, 200 C is an extreme temper­
ature. 

Some of the frequently encounter­
ed problems, even though man­
ifested by an extreme operating en­
vironment originate in the soldering 
process.9 Others are due to the ef­
fect of the environment itself. Some 
of the latter are considered in this 
paper. 
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Experimental Procedure 

On the intuitive assumption that 
problems of joint failure bear a direct 
relationship to the formation of inter­
metallic compounds, a series of ex­
periments was designed for the eval­
uation of t in-r ich solder alloys and 
copper wett ing surfaces. An objec­
tive was to study microstructural 
changes after the prolonged ex­
posure of soldered joints to temper­
atures as high as 200 C. As usual, 
the arbitrary l imitation and selection 
of test parameters directs attention 
pointedly toward those desirable ex­
periments which are left undone. 
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Fig. 2 — Tin solder morphology after exposure at temperatures shown for (a) VA to 8 hr, 
(b) 1 to 32 days. Joint cross section (X800, reduced 46%>) 

Soldering and Sampling 

There is a need, in work of this na­
ture, to avoid becoming engrossed in 
the problems of soldering and solder­
ability since these are arts and sci­
ences wi th in themselves. Of all the 
factors which combine to facil itate 
the making of a soldered connection, 
it seemed most important, for the 
purpose of this experiment, to con­
trol those related to intermetall ic 
formation. Therefore, soldering tem­
peratures were kept as low as pos­
sible, the volume of solder was kept 
nearly the same for each test, and 
the solder and terminal compositions 
were selected for high potential 
intermetallic content. 

All samples were chemically pre­
pared prior to the making of lap 

joints, and the faying surfaces were 
tough-pitch copper. A number of 
soldered samples were soaked at 
temperatures between 100 C and 
200 C for periods of t ime as short as 
15 minutes and as long as 32 days. 
A representative specimen for each 
solder composition and each set of 
t ime-temperature condit ions w a s 
prepared for metallographic study, 
and another was used for an eval­
uation of mechanical properties. 

Morphology 

Through the use of the metallo­
graphic sections, changes in the mor­
phology of the CuSn intermetall ic 
phases were observed. The extent of 
growth and growth rates were deter­

mined for intermetall ic thickening. 
Other growth characteristics which 
indicate extreme complexity in these 
metallic systems were observed and 
studied. The bond interfaces and ad­
joining regions in the solder joints 
showed metallographic fea tu res 
characteristic of the CuSn metallic 
systems. The general morphology of 
the solder area was traced from that 
present in early (as-soldered) sam­
ples to that resulting from 32-day ex­
posure. Selected samples were pre­
pared for further analysis by scan­
ning electron microscope (SEM) and 
x-ray probe methods. 

Composition 

In order to evaluate the effect of 
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Fig. 3 — Tin-silver solder morphology after 
exposure (a) and (b) to the same conditions 
shown in Fig. 2. Joint cross section (X800. 
reduced 46%) 
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composition on thermal response, 
four solders were selected for study. 
At the start of this project, it seemed 
important that differences in compo­
nent solubilities and in melt ing tem­
peratures, among other things, be 
monitored. For this reason Sn, Sn-
2.5Sb, Sn-5Ag and Sn-40Pb solders 
were prepared for evaluation. Some 
of the data10 pertinent to the objec­
tives of the study are shown in Table 
1. The major components (Cu and 
Sn) of each of these combinations 
are, for practical purposes, not sol­
uble in one another. Tin is soluble in 
Sb, Ag and Pb to an appreciable ex­
tent, and in the SnPb alloy there is 
available a quantity of solvent suf­
ficient to influence CuSn intermetal­
lic growth rates if such an influence 
is to be of any importance. 
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Table 1 

Solvent 

Cu 
Cu 
Cu 
Cu 

Sn 
Sn 
Sn 
Sn 

Sb 
Sb 

Ag 
Ag 

Pb 
Pb 

(a) RT = i 
(b) 5 0 % 
(c) neql 

— Physical Properties foi 

Solute 

Sn 
Sb 
Ag 
Pb 

Cu 
Sb 
Ag 
Pb 

Cu 
Sn 

Cu 
Sn 

Cu 
Sn 

oom temperature 
or more solvent 
= neglia>ble 

Wt % in 

200 C 

1.3 
1.0 

neg l l c ) 

negl 

negl 
5 0 

negl 
1.0 

negl 
4.5 

negl 
10,0 

negl 
1 7 0 

Var ious Cu 

solution at 

R T ) a 1 

neg l l c l 

negl 
negl 
negl 

negl 
negl 
negl 
negl 

negl 
4.5 

negl 
8.0 

negl 
2 0 

and Sn Alloy Sys tems 

Intermetal l ic 
phases present at 

200 C 

Cu3Sn 
Cu 3Sb 

C u r S n 5 

SnSb 
Ag 3 Sn 

Cu,Sb 

Ag 3 Sn 

— 

R T ( a ) 

Cu3Sn 
Cu3Sb 

Cu 6 Sn s 

SnSb 
A g , S n 

C u 2 S. 

A g . S n 

Lowest 
liquid 

r 1 temp., c 

415 
526 
779 
326 

?27 
232 
221 
183 

526 
425 

779 
724 

326 
183 

Exper imenta l Results 

Copper-tin intermetall ic compound 
growth can be readily monitored in 
soldered joints. Actual growth modes 
are observed and measurements 
made by the use of metallographic 
techniques. Changes in the distr i ­
bution of metallurgical phases as 
wel l as of chemical elements are 
plotted by combining metallography 
w i th scanning electron microscopy 
and x-ray fluorescence. 

Intermetallic Growth 

Sections were prepared by the use 
of standard metallographic tech­
niques. Al l samples were etched 
using a 10-sec swab w i th 60% H 2 0 2 -
40% NH4OH fol lowed by 10-sec 
swab w i th 2% H N 0 3 - 9 8 % alcohol. 
These solutions were developed for 
the purpose of increasing the con­
trast of the intermetall ics. In this 
way, morphological changes were 
monitored for all test conditions, and 
for each of the alloys selected for 
study. 

Shown in Fig. 2 is a series of 
metallographic sections depicting 
the thermal response due to the Sn 
solder. A two-phase intermetall ic 
layer can be seen to form, to grow 
progressively thicker and eventually 
to bridge the joint cross section. The 
same series at temperatures lower 
than or higher than 1 50 C show s im­
ilar morphologies w i th expected dif­
ferences that can be explained by 
changes in growth rates which ex­
hibit the normal exponential depend­
ence on temperature. 
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Fig. 4— Tin-antimony solder morphology 
after exposure (a) and (b) to the same con­
ditions shown in Fig. 2. Joint cross section 
(X800. reduced 46%,) 

2001 

Figure 3 is a metallographic series 
showing the thermal response in Sn-
5Ag solder. As is true of each of 
these materials, after a day of el­
evated temperature exposure, the 
intermetall ic layer is wel l - formed, 
continuous and generally free of 
angular side plates. The growth pat­
tern is similar to that in Sn solder, 
except that complete bridging is de­
layed somewhat. 

The metallographic series shown 
in Fig. 4 is that for Sn-2.5Sb solder. 
This system is characterized by 
slightly more irregularity in the inter­
metallic layer, otherwise the mor­
phology for this alloy is not too differ­
ent from that of the others. The two-
phase intermetall ic grows into the 
solder matrix w i th occasional bridg­
ing after long time at the lower tem­
peratures and complete bridging at 
200 C. 

Shown in Fig. 5 is the series of 
metallographic sections for Sn-40Pb 
solder. The intermetall ic layer is 
more rounded indicating that the 
spheroidization of side plates occurs 
rather early. Thickening also tends to 
proceed more rapidly, and the bridg­
ing which does not occur readily w i l l 
probably never be continuous. 

In attempting the determination of 
growth rates, the investigator is pre­
sented wi th the problem of deciding 
which of a variety of morphological 
features are significant as wel l as 
w i th some special measurement dif­
ficulties. There seems to be little 
doubt that the growth phenomena 
encountered here can be described 
by established diffusion theory. 
Purdy and Kirkaldy11 show the math­
ematical procedures generally appli­
cable to problems of this type. The 
work described here w i l l , hopefully, 
define those parameters that de­
serve more rigorous experimental 
work and mathematical treatment. 

The measurement of allotrio-
morphs or side-plates is probably not 
significant at exposures over 100 C 
because all traces of these morpho­
logical features are obliterated w i th in 
several hours. Other possible mea­
surements include an average layer 
thickness, Cu3Sn thickness, Cu6Snb 

thickness, change in joint gap, and 
decrease in solder matrix width. 

Although the irregular surface at 
the intermetall ic-matrix interface 
makes layer thickness rather difficult 
to measure, the results of such mea­
surements are listed in Table 2, 
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Table 2 —Observed Intermetallic Layer Thickness, Microns 
Temper Time at temperature 

ature, 
C 

200 
200 
200 
200 

175 
175 
175 
175 

150 
150 
150 
150 

125 
125 
125 
125 

100 
100 
100 
100 

Hours Days 
Compositon 

Sn-40Pb 
Sn-2.5Sb 
Sn-5Ag 
Sn 

Sn-40Pb 
Sn-2.5Sb 
Sn-5Ag 
Sn 

Sn-40Pb 
Sn-2 5Sb 
Sn-5Ag 
Sn 

Sn 40Pb 
Sn-2.5Sb 
Sn-5Ag 
Sn 

Sn-40Pb 
Sn-2 5Sb 
Sn-5Ag 
Sn 

Vt v? i 

3.8 4.5 5.3 
1.4 1.6 2.1 
1.5 17 2.4 
17 14 2 4 

5.3 
2.4 
2 6 
2.7 

3.1 
2.9 
3.1 
3 6 

7.6 
3 6 
4.1 
4.3 

0 9 1.0 1.5 1.8 2.6 3.5 
1.1 1.5 1.7 17 1.8 2 5 
1.1 1.1 12 1.5 2.0 22 
2.1 1.4 1.3 19 1.7 2.8 

1.0 1.1 1.4 
1.4 1.2 1.5 
2.1 2 4 1 5 
1.0 2.7 2.1 

1.2 
16 
0.5 
1.6 

1.2 
16 
0.8 
1.6 

1 9 
2 0 
1.8 
2.4 

1 

7 8 
8.1 
5.2 
62 

9 7 
4 3 
3 9 
6.8 

16 

12.5 
12 0 
18.7 
8 5 

9 9 
5 8 
4 6 
7.0 

14.4 
12.5 
18 1 
148 

10.1 
6 8 
5.6 
7 3 

1.1 1.0 1.0 1.1 2.0 1.0 
1.5 1.4 2.1 1.9 2.4 1.5 
1.1 18 1.2 2 9 1 4 1.2 
19 19 2.2 2.4 2 0 2.1 

All measurements about 
1.0 micron or less 

32 

15 6 18 1 17 5 
31 3 37 5 68 8 
28 8 14 1 50 0 

6 2 31 3 34 4 

15 0 16 7 16 6 
9 2 153 133 
8 0 182 137 
9 7 9 9 100 

1.5 
1 4 
1.3 
1.0 

1.9 
1 9 
1.6 
1.5 

2 3 
2 3 
2 4 
2.0 

4 1 
3.4 
4.5 
3.0 

4 1 
3.8 
4 8 
3 6 

6 5 
4 1 
5 0 
4 3 
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Fig. 7 — Growth in thickness of CuSn 
intermetallic layer with time at temper­
atures shown, using tin-silver solder on 
copper 
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Fig. 5— Tin-lead solder morphology after exposure (a) and (b) to the same conditions 
shown in Fig. 2. Joint cross section (X800, reduced 46%,) 

T h e s e d a t a a re s h o w n g r a p h i c a l l y i n 
F igs. 6, 7, 8 a n d 9. 

T h e r e a p p e a r s t o be l i t t le d e p e n d ­
ence of g r o w t h ra tes o n c o m p o s i t i o n . 
T h e d o m i n a t i n g fac to r is t h e m a x ­
i m u m exposu re t e m p e r a t u r e . 

Morpho logy 

D u r i n g t h e i n i t i a l s t a g e s of so l de r 
j o i n t f o r m a t i o n , t h e m i c r o s t r u c t u r e is 
c h a r a c t e r i z e d by t h e p r e s e n c e o f a l l o -
t r i o m o r p h s w h i c h are f o r m e d o n 
s o l i d i f i c a t i o n . T h e r e is no w a y to 
avo id t h e p r e s e n c e of t h i s t h i n ( PS 1 -
2 m i c r o n ) layer of i n t e r m e t a l l i c d u e 
to n u c l e a t i o n f r o m t h e m e l t . I m m e d i ­
a te ly a f te r s o l i d i f i c a t i o n a n d upon e l ­
eva ted t e m p e r a t u r e e x p o s u r e , s i de 
p la te g r o w t h is e x t r e m e l y r a p i d . N e x t 
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t h e s ide p la tes t e n d t o s p h e r o i d i z e 
w h i l e t h e i n t e r m e t a l l i c layer t h i c k ­
ens . In la ter s tages of g r o w t h , t h e 
t h i c k layer b e c o m e s a c o n t i n u u m of 
m a s s i v e i n t e r m e t a l l i c w i t h a r o u n d e d 
l ead ing edge. F ina l ly , t h e i n t e r m e t a l ­
l ic t e n d s to b r idge t h e e n t i r e j o i n t 
gap , a l w a y s w i t h o u t a p a r t i n g l i ne 
w h e r e t h e i n t e r m e t a l l i c l aye rs e v e n ­
tua l l y mee t . T h r o u g h o u t t h e e a r l y 
s tages of t h e g r o w t h p rocess , t h e 
C u 3 S n a n d t h e C u 6 S n 5 t h i c k n e s s e s 
are a p p r o x i m a t e l y e q u a l . A s t i n is de ­
p le ted f r o m t h e so lde r m a t r i x , 
C u 6 S n 5 g r o w t h s l o w s w h i l e t h e 
C u 3 S n c o n t i n u e s t o g r o w a t t h e ex ­
pense of t h e t i n - r i c h i n t e r m e t a l l i c . 
G i v e n s u f f i c i e n t t i m e at t e m p e r a t u r e , 
t h e c o p p e r - r i c h p h a s e c o n s u m e s a l l 
of t he ava i l ab l e t i n . 
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Fig. 8 — Growth in thickness of CuSn 
intermetallic layer with time at temper­
atures shown, using tin-antimony solder 
on copper 
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Fig. 9 — Growth in thickness of CuSn 
intermetallic layer with time at temper­
atures shown, using tin-lead solder on 
copper 
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Fig. 10 — X-ray probe traces showing con­
centrations of five elements in three re­
gions of the cross section of a joint made 
with tin-lead solder on copper. View by 
SEM taken after 16 days at 150 C (etchant 
given in text) 

Composition Gradients 

In a newly formed solder joint, the 
cross section consists of a th in 
Cu 6Sn 5 intermetall ic layer at both 
copper interfaces and a solder matrix 
of fairly uniform composit ion be­
tween. SEM and x-ray probe anal­
yses indicate that some segregation 
occurs in the solder matrix w i th pr i ­
mary tin as wel l as each intermetal­
lic type dispersed throughout the 
joint area. 

As intermetall ic g row th p ro ­
gresses, the x-ray probe reveals that 
the Cu3Sn and Cu 6 Sn 5 intermetall ics 
grow into the solder matrix and, at a 
slower rate, into the copper terminal. 
Insoluble and impurity elements are 
concentrated ahead of the leading 
edge of the Cu 6 Sn 5 layer until 
growth is completed by the depletion 
of the available Sn. Diffusion con­
tinues until the intermetall ic conver­
sion to Cu3Sn is ended. In the Sn-Ag 
and Sn-Sb systems, a complex ter­
nary intermetall ic is the end result. 
In the Sn-Pb system, a Pb-rich zone 
remains between the intermetall ic 
faces. 

Figure 10 shows the SEM and x-
ray probe trace taken from the Sn-
40Pb sample after 16 days exposure. 
These results indicate both the tend­
ency toward equil ibrium in the inter­
metallic and the concentration of 
insolubles in the matrix. 

Conclusions 
Copper-tin intermetall ic compound 

growth occurs in soldered joints at 
low temperatures and in relatively 
short t imes. The growth that takes 
place can be significant in terms of 
joint characteristics. 

The presence of insoluble alloying 
elements affects the intermetall ic 
growth rate to a minor degree. The 
t in content and the maximum ex­
posure temperature have the great­
est influence on growth rates. 

Intermetall ic layer thickening is 
characterized by several distinct 
stages. The initial growth of side 
plates is extremely rapid and exag­
gerated. This is fol lowed by retro­
gression (spheroidization) of the elon­
gated peaks and by general thicken­
ing. The intermetall ic thickens f rom 
1 to 70 microns w i th some tendency 
to grow through voids in the solder 
matrix. In the high-t in alloys the 
Cu6Sn5 readily bridges the joint sec­
t ion. In the f inal stages of growth, 
the dual intermetall ic is transformed 
to Cu3Sn by total consumption of the 
solder matrix and of the Cu 6 Sn 5 

phase. 

The possibility was noted that 
mechanical properties can be en­
hanced by the preferred growth of 
the copper-rich phase. The general 
theory for the diffusion-control led 
growth of plates appears to be appli­
cable to this metallic system. 
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