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ABSTRACT
It is widely accepted that the intermetallic layer that forms
at the interface between a solder and a copper substrate has
an effect on the properties of the solder joint, particularly
under high strain rates such as occur in drop impact. The
nature and extent of the effect is related to the thickness and
morphology of this interfacial layer and the phases present
in the layer. It has been recognized also that thickness,
morphology and mix of phases changes over time as a result
of diffusion across the interface in both directions as the
solder/substrates system moves toward thermodynamic
equilibrium and these process are accelerated at the elevated
temperature to which some electronic circuitry is exposed.
While the basic composition of the solder obviously has a
major effect on the thickness, morphology and growth of the
interfacial intermetallic microalloying additions have also
been found to have an effect. In this paper the authors
report a study of the thickness morphology and growth of
intermetallics formed on a copper substrate by eight alloys
representative of the range of low-Ag and no-Ag
formulations currently used or proposed as Pb-free solders
for electronic assembly.
In addition to the basic
constituents of Sn, Cu and Ag these alloys included
additions of Ni, Bi, Ce, Ge, and P. Cross-sections were
examined by SEM and the thickness and growth at 130, 140
and 150°C of both the Cu6Sn5 and Cu3Sn phases was
monitored. While Ni was found to have a strong effect on
all aspects of the interfacial intermetallics any effects of Bi
were more subtle.
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INTRODUCTION
Compared with the range of solder alloys used by the
electronics industry when lead was one of the basic
ingredients, at this stage in the implementation of lead-free
soldering there are still a large variety of solder alloys in
use or under consideration. Because of its unique ability to
form intermetallic compounds with most joint substrates the
starting point of most lead-free solders formulations is tin
with most alloys based around the tin-copper or tin-silvercopper eutectics. The microstructure of these basic alloys
comprises a nearly pure tin matrix in which is dispersed
particles of intermetallic compound, ideally formed during
eutectic solidification. The intermetallic in the tin-copper
alloy is Cu6Sn5 while in the tin-silver-copper alloys there is

the ternary eutectic which also includes Ag3Sn. Although
not one of the phases formed during solidification Cu3Sn
can form as a result of solid state diffusion during ageing.
While those simple binary and ternary alloys are widely
used there are an increasing number of alloys, some already
in widespread commercial use, in which small amounts of
additional elements are added with the objective of
enhancing particular properties. Some strengthen the tin
matrix by solid solution or precipitation hardening while
others modify the solidification behaviour and properties of
the intermetallic compounds. Some are believed to act as
grain refiners and others act as antioxidants enhancing the
wetting and flow.
Although the interfacial intermetallic is an important feature
of a solder it has not necessarily been the focus of the alloy
development process so that there may well be some
unintended consequences in a part of the solder joint which
can have a significant effect on the strength and reliability
of the joint. The objective of the work reported here was
to look at the effect of some common minor alloying
additions on the interfacial intermetallic and in particular its
growth during elevated temperature ageing.
THE ALLOYS
The alloys selected for the study of intermetallic growth are
listed in Table 1 with the full chemical analysis detailed in
Appendix A. While some formulations are based on
commercial alloys other are alloys that have been proposed
as having commercial potential.
Table 1. Alloys tested
Nominal Composition
Code
Sn-0.7Cu

A

Sn-0.7Cu-0.05Ni

B

Sn-0.7Cu-0.05Ni-Ge

C

Sn-0.7Cu-0.03Ni-0.3Ag

D

Sn-0.7Cu-0.3Ag-0.1Bi

E

Sn-0.7Cu-0.1Ni-Ce

F

Sn-0.6Cu-0.07Bi-0.04Ni

G

Sn-0.7Cu-0.3Ag

H

SAMPLE PREPARATION
The test piece was a 40mm x 30mm printed circuit board
designed for a number alloy evaluation tests (Figure 1). The
solders were held in a miniwave pot at 255°C (Figure 2).
The boards were fixed horizontally in a carrier which was
programmed to move them through the soldering sequence
automatically. The boards, coated with an activated rosin
flux, were held above the molten alloy for 90 seconds for
preheat and to dry the flux, immersed in the solder wave for
5 seconds and then withdrawn and allowed to air cool.
For the study of IMC growth coupons were cut from the test
board as indicated in Figure 1. Coupons subjected to ageing
were placed on glass plates in a forced convection oven at
130°C, 140°C and 150°C for 528hours (22 days).
On completion of ageing the coupons were mounted for
cross-sectioning in Epofix resin and ground and polished
through the following sequence: 500, 1200, and 4000 grade
SiC paper, 6µm diamond on a Struers Nap cloth, 3µm
diamond on a Struers Mo1 cloth 1µm diamond on a Struers
Nap cloth before a final polish on a Struers Chem cloth
using 0.05µm colloidal silica solution (OPS). The polished
samples were carbon coated and examined in a Philips
XL30 SEM in backscattered electron mode (BSE) with an
acceleration voltage of 20 of 30keV.
A typical crosssection is shown in Figure 3.

Figure 2. Miniwave pot in which test boards were soldered
showing automatically lifting and lowering mechanism.

Figure 3. Typical cross-section of soldered pad

Figure 1. Test board showing areas from which coupons
were cut.
IMC THICKNESS MEASUREMENT
ImageJ image analysis software was used to identify the
interfacial intermetallic and measure its area. Figure 4
provides an example of the method used. The measured
area was then divided by the length to calculate an average
thickness. The intermetallic in Figure 4 is Cu6Sn5. Where it
was present a similar method was used to measure the
Three measurements were made for
thickness of Cu3Sn.
each condition and the results reported here are averages.

Figure 4. Calculation of average thickness 4.285µm
(Area of IMC 104.292µm2 divided by length 24.388µm)
RESULTS
To make the trends more apparent thicknesses in each case
are ranked from smallest to largest total IMC layer or in the
case of growth from least to greatest growth at each ageing
temperature. Because of natural variations between the assoldered samples the measured thicknesses do not always
follow the expected trend with temperature but it is

considered that under the same conditions the differences
between alloys are significant.
In the as-soldered condition (Figure 5) three alloys, Sn0.7Cu-0.3Ag-0.1Bi, Sn-0.7Cu and Sn-0.7Cu-0.3Ag had an
IMC thickness of less than a micron, Sn-0.6Cu-0.07Bi0.04Ni and Sn-0.7Cu-0.03Ni-0.3Ag a thickness in the range
3-5µm, SN-0.7Cu-0.5Ni and Sn-0.7Cu-0.05Ni-Ge a
thickness in the range 6-7µm with the thickest IMC, more
than 7µm occurring with the Sn-0.7Cu-0.1Ni-Ce. No
Cu3Sn was detected in the as-soldered condition.
Figure 7. IMC thickness after 528h at 140°C.

Figure 5. IMC thicknesses as soldered.
After 528hours aging at 130°C (Figure 6) there was
substantial growth in the intermetallic in the Sn-0.7Cu0.3Ag-0.1Bi, Sn-0.7Cu and Sn-0.7Cu-0.3Ag alloys with less
growth in the other alloys. A Cu3Sn layer had started
develop at the interface between the copper and the Cu6Sn5
in the Sn-0.7Cu-0.3Ag-0.1Bi alloy. The ranking of the Sn0.5Cu-0.07Bu-0.04Ni alloy that had the thickest IMC layer
after soldering dropped to third after the ageing.

Figure 8. IMC thickness after 528h at 150°C.

Figure 9. Growth in IMC after 528h at 130°C.

Figure 6, IMC thickness after 528h at 130°C.

Figure10. Growth in IMC after 528h a 140°C.

As Soldered

After 528h at 150°C
Figure 11. Growth in IMC after 528h at 150°C.
The absolute values of growth calculated by subtracting the
thickness measured in the as-soldered condition from that
measured in the aged samples appear to be subject to some
variation with even some negative results (i.e. IMC
apparently getting thinner) but comparisons between alloys
are believed to indicate valid trends (Figures 9, 10 and 11).
Although the results suggested an actual reduction in
thickness of the Cu6Sn5 component of the intermetallic layer
in the Sn-0.7Cu-0.1Ni-Ce alloy the negative value is the
result of sample-to-sample variation in the as-soldered
thickness. Nevertheless it could be inferred that the high Ni
level was effective in stabilizing Cu6Sn5. After 528 hours
at 150°C the alloys that grew least were Sn-0.7Cu-0.05Ni
with and without the Ge addition
MICROSTRUCTURE
A representative set of cross-sections of the interface
between the solder alloys and the copper substrate, as
soldered and after 528 hours at 150°C is presented in
Figures 12 to 19.

Figure 13. Sn-0.7Cu-0.05Ni (Alloy Code B)

As Soldered

After 528h at 150°C

As Soldered

Figure 14. Sn-0.7Cu-0.05Ni-Ge (Alloy Code C)

As Soldered
After 528h at 150°C

After 528h at 150°C

Figure 12. Sn-0.7Cu (Alloy Code A)

Figure 15. Sn-0.7Cu-0.03Ni-0.3Ag (Alloy Code D)

As Soldered

As Soldered

After 528h at 150°C
After 528h at 150°C

Figure 16. Sn-0.7Cu-0.3Ag-0.1Bi (Alloy Code E)

As Soldered

Figure 19. Sn-0.7Cu-0.3Ag (Alloy Code H)
The phenomena most clearly apparent in the microstructures
is that when Ni is present the intermetallic in the as-soldered
samples is thick but has a distinctive “coral” structure.
(Figures 14, 15, 17, 18) However, during ageing this layer
of intermetallic consolidates rather than growing to any
significant extent.

After 528h at 150°C

Alloys containing Ni were slowest to develop a Cu3Sn layer
at the copper interface and had the thinnest layer of that
phase with the least voiding after ageing at 150°C.
By contrast the alloys that did not contain Ni, although
having the thinnest initial interfacial intermetallic (Alloys E,
A and H in Figure 5) grew more than the alloys containing
Ni (Figures 9, 10, 11) and developed a substantial Cu3Sn
layer with associated voiding at the interface with copper.

Figure 17. Sn-0.7Cu-0.1Ni-Ce (Alloy Code F)

As Soldered

A notable feature of the alloys that did not contain Ni is the
disintegration of the intermetallic during ageing (Figures 12
and 16) which could be expected to have some impact on
joint integrity.
Although there is some cracking of the
intermetallic in the alloys containing Ni it is much more
limited.
When Ni was not present Bi had the effect of slightly
reducing the thickness of the as-soldered intermetallic
(compare alloys E and H in Figure 5).

After 528h at 150°C

In the Ni-containing alloy the Ge slightly increased the
initial thickness of the intermetallic layer but slightly
reduced growth during subsequent ageing.
Ag did not appear to have any effect on the initial
intermetallic thickness (compare Alloys A and H in Figure
5) but it did inhibit growth and the formation of the Cu3Sn
phase (Figures 9, 10, 11).

Figure 18. Sn-0.6Cu-0.07Bi-0.04Ni (Alloy Code G)

While Ce increased the thickness of the as-soldered
intermetallic (Alloy F in Figure 5) it had an inhibiting effect
on further growth of the intermetallic (Figures 9, 10, 11).
DISCUSSION
The coral structure of the intermetallic layer in the assoldered specimens is undoubtedly a reflection of the effect
of Ni, which partially substitutes for Cu in the Cu6Sn5
crystal [1] and changes the way that phase grows during
solidification [2].
The breaking up of the intermetallic layer in the alloys that
do not contain Ni and the greater thickness of Cu3Sn and
associated voiding is presumed to be related to the
transformation of metastable hexagonal η Cu6Sn5 to the
monoclinic η’ form with an associated volume change [3] It
has been shown [3.4] that this change does not occur in
alloys containing Ni. When some of the Cu atoms in the η
phase have been substituted by Ni the hexagonal form is
stabilized and retains its hexagonal structure even at
cryogenic temperatures.
Since the thermal expansion and other physical properties of
Cu3Sn are different from those of Cu6Sn5 its apparent
suppression by Ni could be expected to have a beneficial
effect on joint reliability.
CONCLUSIONS
Since solder joints can be expected to provide a service life
of more than 20 years in circumstances where Joule heating
can induce high local temperatures. The stability of the
microstructure can have an effect on reliability in those
circumstances and the interfacial intermetallic is a key
component of that microstructure.
Although it is not
possible to draw more than a few general conclusion from

the study reported here it is clear that the behaviour of the
intermetallic layer during accelerated ageing can be very
sensitive to composition with Ni clearly having some strong
effects on both the as-soldered intermetallic and its
subsequent behaviour during elevated temperature ageing.
These effects will have to be taken into account in the
ongoing evolution of lead-free solder alloy formulations.
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APPENDIX A. Full analysis of alloys tested. Specific additions to the basic formula are highlighted.

Composition

Code

Sn-0.7Cu

A

Sn-0.7Cu-0.05Ni

B

Sn-0.7Cu-0.05Ni-Ge

C

Sn-0.7Cu-0.03Ni-0.3Ag

D

Sn-0.7Cu-0.3Ag-0.1Bi

E

Sn-0.7Cu-0.1Ni-Ce

F

Sn-0.6Cu-0.07Bi-0.04Ni

G

Sn-0.7Cu-0.3Ag

H

Cu

Pb

Ag

Sb

Bi

Fe

As

Ni

Ge

Ce

P

0.698

0.034

0.002

< 0.001

<0.001

0.005

0.004

0.0032

0

-

-

0.695

0.029

0.001

0.001

<0.001

0.004

0.005

0.0503

0

-

-

0.639

0.037

< 0.001

0.003

0.009

0.004

0.005

0.051

0.006

-

-

0.691

0.032

0.300

0.002

< 0.001

0.005

0.003

0.0326

0.0001

-

-

0.682

0.022

0.304

0.023

0.094

< 0.001

< 0.001

< 0.001

0.0001

-

0.0056

0.696

0.004

0.001

0.004

0.004

0.023

< 0.001

0.0914

0

0.0003

0.0017

0.610

0.04

0.003

0.021

0.071

0.001

< 0.001

0.041

< 0.001

-

0.0004

0.716

0.022

0.323

0.005

0.011

0.004

< 0.001

