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METASTABLE NICKEL-TIN INTERMETALLIC

COMPOUND IN TIN-BASED COATINGS

Joseph Haimovich and David Kahn
AMP Incorporated

Abstract

Nickel appears to be a good choice for a diffusion barrier between
copper-based substrates and tin-based coatings. However, growth of a
plate-like intermetallic compound (IMC) NiSn, is a potential cause for
solderability degradation. Differential scannTng calorimetry measurements
determined that NiSn is a metastable phase which rapidly transforms into
stable IMC's and freJ tin at temperatures above the tin melting point. The
kinetic parameters of NiSn, transformation were calculated using data from
isothermal DSC measurements. The crystalline structure of Ni Sni was
determined by X-ray diffraction. The implications of the findinds on
solderability, soldering techniques and accelerated aging testing for
tin-based platings over nickel underplating are discussed. Also discussed
is the work to determine the actual mechanisms of solderability
deterioration.

1. Introduction

Tin and tin-lead coatings are widely used in the electronics industry
to provide solderable and contact finishes for component leads. Since most
of the components are stored prior to their final use (sometimes for
considerable lengths of time), good solderability must be retained for
months and preferably for years.

The solderability degrades in storage due to a number of factors,
intermetallic compound (IMC) growth being one of the most important. The

IMC growth is present when tin (or tin-lead) are plated over a number of
substrates, including Cu, Ni, Fe, and their alloys. A considerable amount
of research has been done to understand the formation and growth of IMC's,
particularly Cu-Sn IMC's, and to control the undesirable effects.

Ni has been successfully used to inhibit diffusion of Zn from brass

substrates into Sn and Sn-Pb coatings, and as a diffusion barrier between
the Cu alloy base metal and the Au plating. Also, since the dissolution
rates of Ni in solder are much lower than for Cu, Ni is useful as a barrier

during the soldering operation These concerns have prompted the

consideration of Ni as a diffusion barrier between the Cu alloy substrates
and Sn-based coatings, to prevent the growth of Cu-Sn IMC's and to prolong
the shelf life of plated parts.

Initially, there were some indications that growth rates of Ni-Sn
intermetallics are very low. Since the early seventies, there were several
investigations of Ni diffusion barrier performance for Sn-based platings
[1-4]. The results obtained by these authors indicated a rather complex
behavior.
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There are three IMC's in the Ni-Sn binary system, all stable at room

temperature: Ni Sn , Ni3Sn2' Ni Sn [5]. Early work indicated that out of
these three int3rm8tallics, only Ni,Sn4 is usually present at common
storage temperatures. The growth ratds of Ni.,Sn at these temperatures
were found to be much lower than those of Cu-SA itttermetallics [2,3], and
our results confirm this (Figure 1). However, together with the slow
growth of Ni,Sn., an extremely fast growth of an intermetall ic of unknown
nature was dl'scovered [1,3]. The composition of this intermetallic roughly
corresponds to NiSn , which cannot be identified as any of the

intermetallics on the3currently published phase diagrams.

The characteristic platelet morphology of this compound is shown in
Figures 2 to 4. It has been suggested that the extremely fast growth of
this intermetallic can cause deterioration of solderability [3]. This

happens when the platelets penetrate all the way through the tin layer to
the surface and then oxidize. Therefore, from the practical point of view,
it is important to be able to control this undesirable growth.

It has been reported that NiSn, grew in significant amounts only at
0

lower temperatures, below approximately 160 C. At higher temperatures,

only a continuous fine-grained layer of Ni,Sn4 had been observed. Ni Sn

grew in a large variety of platings. TMe growth of the compound wa2
reported to be the largest in bright tin over bright nickel platings, and
the lowest in matte Sn over sulphamate Ni [3]. Another study found that it
was not possible to control the occurrence or growth rate of the compound
by variation in plating parameters, both for tin and nickel. The

occurrence of the compound was either eliminated or greatly reduced in
non-plated layers [6].

Our earlier study [7] confirmed the undesirable effects of NiSnl
growth on solderability of tin and tin-lead electroplatings. The presencti
of lead was found to reduce NiSn, growth. Consequently, the growth rates
for NiSny were studied as a function of aging temperature, lead content,
and platTng typa, and were found to be affected by all of these variabes
[7]. In matte Sn platings, the growth rates reach a maximum around 140 C.

In matte 75 wt% Sn - 25 wt% Pb platings the NiSn, growth was much reduced,
and the growth maximum is shifted approximately IO C downward.

Both temperature dependence of growth rate of NiSn and its

composition are typical of a metastable phase. This paper pres3nts results
of our study of thermal stability of NiSn, and discusses the engineering
implications of the presence of metasta6le IMC in coatings. It also

describes the work on the determination of crystalline structure of NiSn3.

2. Study of Decomposition Parameters of NiSn,

2.1 Thermal Stability of NiSno

The transformation of Ni Snq at higher temperatures was studied by
differential scanning calorimetry (DSC). The intent has been to

characterize the thermal stability of the NiSn3 IMC.
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component of the free energy becomes significant, which accounts for the
lowering of the melting temperature.

Figure 8 also illustrates another feature of NiSn, DSC scans, a small
peak preceding the IMC peak. The onset for this peak Ts at 503.2K, same as
for the fully decomposed sample in Figure 7. Hence, that peak was

attributed to tin that evolved as a result of partial decomposition of
Ni Sn3 below 503K. This assumption was checked by scanning the temperature
part way into the IMC peak and thus partially decomposing the intermetallic
(Figure 9), then cooling the sample and performing the second scan all the
way through the IMC peak (Figure 10). It can be seen that the first,

partial scan resulted in a large increase of the first peak, thus
confirming that the first peak is the tin peak.

2.2 Kinetic Parameters of Ni Sn3 Decomposition

Most isothermal reactions in solid metallic phases are described by
the Mehl-Johnson-Avrami (M-J-A) equation [9]:

x = 1-exp[-(kt)n] (1)

where x is the fraction of material transformed at the time t, n is a
dimensionless exponent, and k is the reaction rate. k changes with

temperature exponentially (Arrhenius type of relation):

E

k = koexp (-rr) (2)

where E is the activation energy, k the frequency factor, R the gas
constant and T the temperature (Kelvin?. The equation (1) can be rewritten
as:

1 ) = nlnt + nlnk (3)1nlnl 1-x '
Therefore, if x vs t is plotted in coordinates 1nln(

1

1-x
) vs 1 nt, the

parameters n and k can be measured directly from the plot: n is the slope
of the plot, and nlnk is the intercept. The DSC technique does not measure
fraction x directly; instead, dx/dt (the x derivative with time) is
measured. The measurement produces a curve as those in Figure 11. The

transformed fraction x at time t can be determined as the ratio of area

under the curve up to time t (hatched)lto the total area under the curve.
If this fraction x is plotted as 1nln(ri) vs 1nt, we obtain plots as

Figure 12. It is linear at lower values of t, but deviates from linearity
at higher times indicating a lower transformation rate than that expected
according to the M-J-A equation. This non-linearity at high values of t is
most likely due to the restriction of crystal growth by the small size of
the analyzed NiSn particles [10]. It must be noticed that as a rule the
non-linearity becAmes significant at around x = .89 i.e. when most of NiSn
is decomposed. Therefore, the use of the M-J-A equation is still
justified. After the kinetic parameters are determined, we can calculate
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aging used to grow DSC sample (see Section 2.1). During the first,

low-temperature step (anywhere from 50'C to 100'C) small crystals of NiSn
will nucleate and 8tart to grow. During the second, high-temperature ste
(anywhere from 100 C to 140 C) these crystals will undergo fast growth. It
was already demonstrated that such aging can produce NiSn, with both large
crystal size and high growth density. This kind of IMC growth is similar

to that produced during long-term natural aging.

4. Crystalline Structure of Ni Sn3

X-ray diffraction was used to determine the crystalline structure of
Ni Sn IMC The diffraction pattern was tentatively indexed using a
tetrgona lattice cell, similar to the tin lattice cell.

An adequate amount of NiSn, IMC was produced by long-term aging of
bright Sn elecroplating depositad over bright Ni underplating. The sample
was aged at 75 C for 9 months. The unreacted tin was removed using ITRI
tin stripper (see Figure 19). The x-ray diffraction sample was prepared by
scraping the Ni Sn3 platelets onto glass sample holder covered with
Vaseline. The NiSn, powder was mixed into the Vaseline to induce random
orientation of the platelets.

The spectra were taken from 10' to 120' two-theta using a Siemens
Kristalloflex 4 unit with a Type F diffractometer and a copper tube. The

diffractometer was interfaced to a Hewlett Packard 6942A Multiprogrammer
and Series 85 computer to control the diffractometer motion and to store
the count data. The programs to analyze this information have been written
at AMP.

Crystalline structure of a number of nickel-tin intermetallic

compounds have been identified and their x-ray powder diffraction patterns
have been published. These patterns list the peak positions (two-theta
angle), peak relative intensities, and Miller indices for each peak.
Powder diffraction patterns have been published for Ni4Sn, Ni 3Sn2' Ni Sn,
Ni 48Sn52' and Ni 3Sn4 [11].

A portion of powder diffraction pattern from the NiSn sample is shown
in Figure 20a. The same spectrum with the vertical scae multiplied by
five to bring out some of the weaker peaks is shown in Figure 20b. It is
quite clear that most of the peaks observed can not be indexed as belonging
to one of the known Ni-Sn phases listed above. Also, we can expect that

some of the NiSn, peaks could coincide with some of the published peaks by
chance. AlthougM any excess tin is removed by a solder stripper; any
remaining tin or unreacted nickel would also result in additional

diffraction peaks, as well as any tin or nickel oxides that might be
present.

The two-theta values and corresponding d-spacings for seventeen peaks
are listed in Table I. Since the powder sample showed a very preferred
orientation, most of the peaks were very weak in comparison with the

7







[9] J.A. Augis and J.E. Bennett. "Kinetics of Transformation of
Metastable Tin-Nickel Deposits. 1. Determination of the Avrami
Equation Parameters by DSC or DTA". J. Electrochem. Soc., 125,
(1978), 330.

[10] R.F. Speyer and S.H. Risbud, "Methods of Determination of the
Activation Energy of Glass Crystallization From Thermal

Analysis". Physics and Chemistry of Glasses, 24, (1983), 26.

[11] Powder Diffraction File, International Centre for Diffraction
Data, Swarthmore, PA 19081-2389, annually.

[12] X. Wu and Z-P. Chang. Jour. Appl. Cryst. 1Z, (1984), 395.

10

698




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































