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Microstructure Investigation of Copper-Tin 
Intermetallics and the Influence of Layer 

Thickness on Shear Strength 

Low-tin solders are recommended in applications where 
high temperatures encourage intermetallic buildup 

BY S. F. DIRNFELD A N D J. J. R A M O N 

ABSTRACT. This study focuses on the be
havior of the intermetallic layer forming at 
the interface between tin-bearing solders 
and a copper substrate. Scanning electron 
microscopy was used to reveal the mor
phology of this environment. Point analy
ses of energy dispersive x-rays identified 
the individual phases while elemental line 
scans yielded the tin and copper partition 
extent across the boundary zone, provid
ing information about the diffusive inter-
penetration and phase growth. Transmis
sion electron microscopy yielded electron 
diffraction patterns for the microstruc
tures of the Cu3Sn and Cu6Sn5 phases. The 
time-at-temperature dependence of the 
layer thickness was found to obey the ex
pected t'/2 dependence (Ref. 1). A series 
of plug-and-ring joints with known inter
metallic layer thicknesses were produced 
by our previously developed method (Ref. 
2), and their shear strengths were mea
sured. Results show that both very thin 
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and relatively thick layers are associated 
with weaker joints, indicating an optimum 
thickness in between. 

Introduction 

The copper-tin intermetallic com
pounds, which normally form during soft 
soldering and afterwards, are imperative 
for the wetting process. They are notori
ously harmful if overgrown, whether by 
too lengthy a soldering process, or 
whether during service at relatively high 
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temperatures. Because of the brittleness 
of the intermetallic compounds, soldered 
joints become more sensitive to stresses 
the thicker the intermetallics. This is due to 
their tensile character developing even 
under predominantly shear loads, with the 
attendant proneness to failure in normal 
use, for example under thermal fatigue. 
The problem is especially acute in elec
tronic assemblies, whose working tem
peratures nowadays reach 70° C (158°F) 
and even more, under normal, continuous 
operation conditions. At these tempera
tures the growth rate of the intermetallics 
is appreciable (Ref. 1), and they can easily 
attain a thickness of several microns in a 
few months. 

The general objective of the present 
study was the formulation of solder com
positions, improved through a reduction 
of the tin content. To this end, the forma
tion, growth and morphology of the cop
per-tin intermetallic compounds were ex
amined, and a substantial insight into these 
aspects was gained, as described below. 
The strength and thickness values are of 
the compositions stated and were ob
tained under the specific conditions. The 
solder compositions and other parame-
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ters were selected to suit the specific task, 
and are to be regarded as representing 
normal service conditions, simulated by 
laboratory practices. 

Experimental 

Because of their softness, soldered joints 
are preferably implemented as shear-
loaded connections. Thus, the strength of 
specimen soldered joints is best assessed 
in shear, the background of which was 
described in a previous work (Ref. 2). Our 
present purpose is to correlate the sol
dering conditions affecting intermetallic 
thickness with the soldered joint strength. 
Shear strength measurements were made 
on plug-and-ring specimens in a custom-
built apparatus. The preparation and test
ing procedures were described in detail in 
an earlier work (Ref. 2). The dimensions of 

the specimens being relatively small (3-
mm-diameter ring, 1 mm high), their pro
duction closely simulates electric and elec
tronic industrial soldering conditions. Typ
ically, wetting is completed within 2 s after 
application of heat by a thermostatically 
regulated soldering iron, followed by rapid 
cooling afterwards. 

Optical microscopy, and scanning and 
transmission electron microscopy were 
the methods used for the examination and 
characterization of the intermetallics 
formed as a result of different soldering 
conditions. In preparing the specimens for 
the various microscopical analyses, em
phasis was placed on a selective chemical 
dissolution of the solder matrix, which left 
the intermetallic phases intact. The agent 
chosen for this purpose was a solution of 
40 g o-nitro-phenol and 5 g sodium hy
droxide per 100 mL water, at 50°C(122°F). 

The procedure for preparing specimens is 
described schematically in Figs. 1, 4 and 7. 

Results and Discussion 

Scanning Electron Microscopy 

Copper reacts with molten solders hav
ing an appreciable tin content, forming in
termetallic compounds. Optical inspec
tion of cross-sections of soldered joints, 
when polished, reveal these as shining, 
hard phases. A more detailed character
ization is required in order to distinguish 
between Cu6Sns and CusSn, the two 
known copper-tin intermetallics. In order 
to grow crystals suitable for scanning 
electron microscopical (SEM) observation, 
a deliberately prolonged time (30 s) was 
allowed for interaction between a thin, 
molten layer of common Sn60 (60 wt-% 
tin, balance lead) and a copper substrate. 
The intact intermetallic phases, exposed 
by chemical removal of the matrix, as de
scribed above, are shown in Figs. 2 and 3. 
The first micrographs (Fig. 2) are a grazing-
angle view of protruding intermetallic crys
tals of varying shape and dimensions. 
These are exclusively Cu6Sn5, as was 
proved by energy dispersive x-ray analy
sis (EDX); they form through growth into 
the liquid solder, which results in a den
dritic morphology, and are quite distinct 
from their Cu3Sn counterparts —Fig. 3. 
The latter, having a higher Cu concentra
tion, are the first to form on the copper; 
they are small and form a relatively com
pact layer, even in these samples, which 
yielded the intermetallic phases by a solid-
liquid reaction. Point EDX analyses yielded 
the expected relative Cu/Sn concentra
tions for the two intermetallic compounds. 

Transmission Electron Microscopy 

Transmission electron microscopy 
(TEM) specimens have to be transparent 
to the electron beam, which for 100 kV 
electrons means a thickness less than 100 
nm (0.1 nm). Thinning is conventionally 
achieved either by electrochemical disso
lution or by ion milling, but we resorted to 
a simplified technique so as to avoid the 
difficulties due to the wide chemical dis-

Fig2 — A grazing angle SEM 
view of the CusSn5 crystals 

grown under deliberately 
prolonged interaction at 

soldering temperature 
(310°C for 30 s). 

Fig 3 — 5ujSn crystals in the specimen of Fig. 2. 
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Fig 4—Preparation of transmission electron microscopy specimens on 
standard 200-mesh copper grid. 

Fig 5- TEM micrograph of intermetallic crystals at low magnification, 
showing growth behavior and extent. 

parity between the substrate and inter
metallics. 

The Cu6Sn5 specimens were prepared 
by applying liquid Sn60 solder to a stan
dard 200-mesh copper grid used in TEM 
work, allowing the intermetallic crystals to 
grow for 30 s at 310°C (590°F), and finally 
exposing them by selective chemical dis
solution — Fig. 4. Identification is provided 
by the electron diffraction pattern. The 
growth morphology is similar to that ob
served in SEM, or dendritic crystals grow
ing into the melt, as shown in Figs. 5 and 
6. 

For the Cu3Sn phase, which forms a thin 
and relatively continuous layer on the 
copper substrate, a solid copper disc was 
used instead of the grid —Fig. 7. The sol
der was selectively dissolved from the 
center of the upper face with the aid of a 
mask, after which the specimen was re
versed and the copper on its bottom re
moved electrolytically in acid CUSO4 solu
tion at a regulated applied voltage of 1.2 
V, again with masking. The crystals and 
their diffraction pattern are shown in Fig. 
8. 
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Fig 6 - TEM micrograph of CusSn5 crystals at higher magnification and their electron diffraction pat
tern. 

Effect of Intermetallic Layer Thickness on 
Shear Strength 

Plug-and-ring shear strength specimens 
were prepared with Sn30 solder (30 wt-% 
tin) by prolonged residence at the solder
ing temperature (310°C), well above the 
minimal time in normal work. The mean 
thickness of the intermetallic layer ob

tained was measured under SEM by means 
of elemental line scans for tin concentra
tion across the interface. Micrographs of 
the layer after successive interaction times 
are shown in Fig. 9, and thickness data in 
Table 1. The detailed procedures for the 
preparation of the specimens and their 
strength assessment were described in a 
previous work (Ref. 2). The layer thick-
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Solder application 
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Intermetallic 
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Fig 7 — Exposure of Cu^Sn layer for TEM. 
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• TEM micrograph of Cu3Sn crystals and their electron diffraction pattern. 
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Fig 10 —Shearing force vs. intermetallic layer 
thickness. 

Fig 11-Buildup of 
intermetallic layer at 

different 
temperatures (Ref. 

V. 

nesses f o r m e d after various interact ion 
times are g iven in Table 1, showing the t' /2 

dependence. Results o f shear strength as 
a funct ion o f soldering t ime are presented 
in Table 2. 

From the above measurements, the 
relevant th ickness/strength relationship 
was deduced —Fig. 10. Shear strength is 
a round 3 k g / m m 2 (4.3 ksi), typical of the 
c o m m o n 30Sn soft soldered joints as pre
viously measured by us (Ref. 2), and is in 
agreement w i t h results obta ined else
w h e r e (Refs. 3, 4); this shear strength level 
represents the strength of the solder ma
terial itself. As the intermetall ic builds up to 
a thickness o f about 1.3 /am, the shear 

strength increases by about 20% and 
reaches a peak —Fig. 10. In our w o r k this 
bui ldup t ook about 30 s (at the soldering 
tempera ture : 310°C). In electric assem
blies operat ing at 7 0 ° C , the same thick
ness is achieved after about one m o n t h — 
Fig. 1 1 . O n fur ther bui ldup, the shear 
stress increasingly acquires a tensile char
acter, the brittleness of the layer begins to 
manifest itself, and the strength curve 
plunges, the joint losing strength as the 

Table 1—Intermetallic Layer Thickness vs. 
Interaction Time at Soldering Temperature 

Time 
(s) 

2 
4 
8 

16 
32 
64 

Thickness 
(wn) 

0.75 
0.80 
1.0 
1.2 
1.3 
1.6 

Table 2—Shear Force Required to Tear 
Specimens Soldered at Prolonged 
Interaction Times 

Time 
(s) 

2 
4 
8 

16 
32 
64 

Shear Strength 
(kg/mm2) 

2.68 
2.85 
3.01 
3.13 
2.96 
2.65 
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layer thickness increases. The shear 
strength is impaired to such an extent, that 
it falls below that of the bulk solder itself. 
The strength loss upon longer soldering 
times has been observed also by Saper-
stein and Howes (Ref. 5). They have mea
sured the peel strength (which is a mea
sure of fracture propagation resistance) of 
soldered joints using longtime isothermal 
holding at various temperatures. 

Conclusion 

Several aspects of the process of cop
per-tin intermetallic compounds forma
tion were investigated. Cu6Sns and Cu3Sn 

are the two phases identified, differenti
ated and characterized. Analysis by ener
gy-dispersive x-ray fits the assigned stoi-
chiometry; electron diffraction analysis in 
TEM yields their crystallographic morphol
ogy, and elemental line scans by SEM, the 
extent of their growth. A relationship was 
established among soldering time, thick
ness of the intermetallic layer and shear 
strength of the soldered joint. Although 
the results reflect only the specific condi
tions employed, we conclude that expo
sure to high temperatures favors exces
sive buildup of the intermetallic layer, with 
undesirable consequences, indicating the 
preference of low-tin solders in critical 
applications. 
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Assessing Fracture Toughness and Cracking Susceptibility of Steel Weldments—A Review 

By J. A. Davidson, P. J. Konkol and J. F. Sovak 

The l i terature survey reviews the domestic and foreign l i terature to determine, document and evalu
ate: 1) the parameters of welding that control weld-metal and HAZ cracking; 2) tests for assessing the 
susceptibil ity of structural steel to weld-metal and HAZ cracking; 3) the parameters of welding that con
trol HAZ toughness; and 4) tests for measuring the toughness of weld metal and HAZ. The work was per
formed at the United States Steel Corporat ion Technical Center in Monroevil le, Pa,, and was sponsored 
by the Offices of Research and Development, Federal Highway Administrat ion, U.S. Department of 
Transportat ion, Washington, D.C. 

Publication of this bulletin was sponsored by the Weldability Commit tee of the Welding Research 
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postage and handling. Orders should be sent with payment to the Welding Research Council, Room 1301 , 
345 E. 47th St., New York, NY 10017. 
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WFI/PVRC Moment Fatigue Tests on 4 x 3 ANSI B16.9 Tees 

By G. E. Woods and E. C. Rodabaugh 

The Markl-type fatigue test data presented in this report have been needed for a number of years to 
establish i-factors (SIFs) for forged tees with d / D ratios between 0.5 and 1.0 that conform to the ANSI 
B16.9 standard. These new data will provide improved design rules for both nuclear and industrial piping 
systems. 
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