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INVESTIGATION OF INTERMETALLIC COMPOUNDS IN Sn-Cu-Ni LEAD-FREE SOLDERS

BADANIE ZWIAZKOW MIEDZYMETALICZNYCH W BEZOLOWIOWYCH STOPACH LUTOWNICZYCH Sn-Cu-Ni

Interfacial intermetallic compounds (IMC) play an important role in Sn-Cu lead-free soldering. The size and morphology
of the intermetallic compounds formed between the lead-free solder and the Cu substrate have a significant effect on the
mechanical strength of the solder joint.

In the soldering process of Sn-Cu alloys, CugSns intermetallic compounds are formed. The complex structural behaviour
of CueSns IMC is temperature- and composition- dependent and it is long since subject to scientific research. The CugSns
phase basically exists in two crystal structures: hexagonal 77- CugSns (at temperatures above 186°C) and monoclinic 1°-CugSns
(at lower temperatures). In the presence of Ni in the solder, the -1’ transformation does not occur, therefore, the 1-CugSns
phase remains stable.

In this study the role of Ni in the (Cu,Ni)¢Sns intermetallic compound in Sn-Cu lead-free solders was examined. Sn-Cu
alloys with different Cu content (0.5 to 1 mass%) were modified through Ni addition. The morphology of the intermetallic
compounds of the modified Sn-Cu alloys was investigated by optical microscopy (OM) and scanning electron microscopy

(SEM), the IMC phases were examined with X-ray diffraction method (XRD).
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1. Introduction

Until recently, lead-containing alloys were considered to
be the most suitable soldering materials widely applied in the
automotive industry and in several other sectors. However,
with the implementation of EU environmental directives (par-
ticularly that of RoHS 2011/65/EU), the use of such alloys
has become prohibited for negative effects on health. One of
the potential alternatives of traditionally used Sn-Sb soldering
materials are Sn-Cu based alloys. The most commonly used
soldering materials of this alloy family contain 0.5 to 0.9 wt
% copper. At a content level of 0.7 wt % copper, an eutectic
reaction is known to occur (at 227°C) in the equilibrium binary
Sn-Cu system [1, 2]. There is a number of different data on the
eutectic composition published by different authors. Moura et
al. [3] define the eutectic composition in 0.7 wt. % Cu, while
Nogita and others report it to be 0.89 wt. % Cu [4, 5, 6]. In
the Sn-rich corner of the alloy phase diagram, the 1°-CugSn;
phase of monoclinic structure [7] is formed, representing one
of the eutectic phases, the other being the 8-Sn solid solution.
However, at 186°C the n-CugSns phase undergoes allotrop-
ic transformation and evolves into monoclinic 1’-CugSns [8].
This structural transformation from hexagonal structure into
monoclinic is accompanied by volume increase (2.15 vol. %).
It should be noted that the literature mentions at least four

%

Hok

variants of the CugSns phase; a new variant has been recently
identified [9]. The twofold role of this intermetallic include:
the formation of the phase as an interfacial layer between the
soldering material and the surface being soldered; and the
appearance of the phase in the base material. Certain primary
intermetallics, however, are undesirable both in the soldering
and the base material. Such is the occurrence of coarse prima-
ry (Cu,Ni)sSns intermetallic compounds in the microstructure,
which may significantly deteriorate the mechanical properties
and shorten the lifetime of the solder joint. The formation of
these IMCs can be avoided by changing the composition of
the alloy.

The n-n’allotropic transformation can be prevented by
adding nickel to the Sn-Cu system. Nickel is insoluble in
tin; nonetheless, it forms various compounds with copper.
Even a small addition of nickel (0.06 m/m %) to the Sn-Cu
soldering alloy is able to stabilize the hexagonal 17-CueSns
phase. Copper and nickel are mutually substitutable in the
compounds formed. The alloying (Ni) atoms occupy suitable
positions in the copper lattice to stand for the basic atoms. In
the case of the Sn-Cu-Ni system, we talk about (Cu,Ni)¢Sns
intermetallic phases. Publications up to date give the fol-
lowing stoichiometry of (Cu,Ni)sSns compounds: Gourlay
[10] Cl.l5Ni15H5, Cu4NiZSn5, Snugovsky [11] Cu33Ni23Sn44,
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Vourinen [12] Cuy7NizgSnys. According to literature data, the
quantity of dissolved nickel varies in the range of 0-29 at.
% for different (Cu,Ni)¢Sns compounds. While studying the
Sn-0.7Cu-0.06Ni system, Nogita et al. measured ~9% Ni con-
tent in the (Cu,Ni)¢Sns phase [13] and about 5% Ni in the
Sn-0.7Cu-0.06Ni system. The Cu4Ni,Sns phase is the most
stable among ternary Cug_,Ni,Sns phases [6]. Based on IMCs
measurements, the Cue_,Ni,Sns phase has a capacity to dis-
solve 4.6-17.2% of nickel [14]. According to Gourlay et al.,
0 to 25% of dissolved nickel is found in Cug_,Ni,Sns [10].
Vourinen et al., estimates the Cu/Ni ratio in the intermetallic
to be almost the same or slightly higher than in the basic alloy
[12]. As for the incorporation of nickel in the lattice, Yu et al.
mentions the atomic positions Cu2 or 8f Wyckoff as relevant
[15]. Studying the monoclinic CugSns phase, Gao et al. also
identifies the 8f2 position for the Ni atom [16].

In the following investigations, the (Cu,Ni)sSns phase was
obtained by adding nickel to the Sn-0.7Cu alloy. The goal of
this research was to describe the substitution position of dis-
solved nickel atom in the lattice structure of the copper-based
compound. The space required by the substituting nickel atom
(after dissolution) is less than that required by the copper atom;
therefore, the size of the unit cell decreases, which is studied
through the decrease of the lattice parameter.

2. Experimental

Industrial solder ingots of Sn-0.7Cu were used in the ex-
periments to study commercial purity materials. The solder
alloy was melted at 400°C in an electric resistance furnace.
Different amounts of Ni in the form of SnNilO master alloy
were added to the solder melt. Subsequent to nickel addition
and stirring, an incubation time of 30 min was allowed to
achieve the complete dissolution of nickel. The alloys were
poured into a pre-heated (to 200°C) steel mould of tensile test
rods with a diameter of 11 mm. Three samples were casted
from each alloy. The chemical compositions of the test samples
were analysed by inductively coupled plasma optical emission
(ICP-OES) spectrometer and are listed in Table 1.

TABLE 1
Chemical composition of Sn-0.7Cu samples determined by
ICP-OES [wt.%]

Sample Cu Ni Ag
Sn-0.7Cu 0.742 | 0.0005 | 0.0148
Sn-0.7Cu-0.02Ni | 0.737 | 0.0192 | 0.0145
Sn-0.7Cu-0.05Ni | 0.748 | 0.0383 | 0.0178
Sn-0.7Cu-0.1Ni 0.752 | 0.0820 | 0.0145
Sn-0.7Cu-0.2Ni 0.743 | 0.1779 | 0.0143

The microstructure was observed using a Zeiss AxioVi-
sion Imager mIM optical microscope and a Hitachi S4800
scanning electron microscope (SEM). The phase compositions
of the samples were measured with a Bruker energy dispersive
X-ray spectrometer (EDX) in Laboratory of Physical Metal-
lurgy, Metal Forming and Nanotechnology at University of
Miskolc. The XRD measurements were carried out at the Insti-

tute of Mineralogy and Geology of the University of Miskolc,
on a Bruker D8 Advance diffractometer equipped with Gobel
mirror and position-sensitive detector, with Cu-Ka radiation.
Bruker DiffracPlus EVA software was used for the evaluation
of diffractograms and TOPAS4 for quantitative and structural
data obtained by Rietveld refinement.

3. Results and discussion
3.1. Microstructure of Sn-Cu alloys

The microstructure of Sn-0.7 Cu nickel-free alloys con-
tains the dendrites of a B8-Sn solid solution and of eutectic
B-Sn + CugSns (Fig. 1.). In Sn-0.7Cu alloys, a very fine, fully
eutectic structure is reached already at a Ni content of 1000
ppm. 2000 ppm nickel implies the appearance of primary (Cu,
Ni)¢Sns intermetallic phases in the microstructure, which is
also supported by the results of EDS measurements. These
microstructural differences are well visible in the SEM images
presented in Fig. 2.

$4800 20.0kV XSOAC.} éE(L) 1&,’12/2013
Fig. 2. SEM image of SnCu0.7Ni0.2 alloy with phases depicted

. 1‘00Iu m'

3.2. Simulation of the atomic position of substituting Ni
in the 1-CusSns phase

The 17-CueSns phase has hexagonal P6s3/mmc structure
(space group Nol49.). In the NiyIn-type structure, Cu atoms
occupy the Wyckoft positions 2a and 2d (2 atoms per unit
cell), while Sn atoms take up the position 2¢ (2 atoms per



unit cell) (Fig. 3.). The position 2d is partially occupied (0.4
atoms). The lattice parameters are as follows: a — 4.20062 A,
¢ —0.50974 A [17]. The incorporation of nickel atoms in one
of the four possible Cu sites has been studied primarily by
simulation.

Fig. 3. Unit cell of the CusSns phase (dark ball-Cu atom, grey ball-Sn
atom)

PowderCell 2.4 software was used for the simulation of
the atomic positions of nickel atoms incorporation. During the
simulation, a diffraction model with no geometry specification
was chosen. The simulation of the Bragg-Brentano geometry
at large diffraction angles would lead to a decrease in inten-
sity, which would make the interpretation of the simulated
full-view diffractogram difficult. First, the CugSns phase was
simulated by the software. The Cu atoms were placed in the
fully occupied positions (0,0,0) and (0,0,1/2) and in the partial-
ly occupied positions (1/3,2/3,3/4) and (2/3,1/3,1/4). The Sn
atoms were placed in the fully occupied positions (1/3,2/3,1/4)
and (2/3,1/3,3/4). The possible incorporation of one, two and
more atoms in the lattice was studied. The simulation started
from the first fully occupied Cu site, then the second fully
occupied site and finally, the partially occupied sites followed.
There was minimal intensity difference between single and
multiple occupations at all reflections. Small variations of re-
flection intensity seemed to have no effect on the proportions
of phase relative intensities. The value of lattice parameter for
substitution was taken from Ref.14.

Based on the simulation results, it can be concluded that
any specific position of the incorporated nickel atoms in the
lattice structure does not influence the diffractogram as related
to any other positions. However, an increase in the quantity
of nickel leads to significant changes in the diffractogram.
The more nickel dissolves in the CugSns intermetallic, the
smaller the values of lattice parameters a and c. are. Fig. 4.
shows three different simulated diffraction plots. The black
curve represents the calculated diffractogram of the nickel-free
CugSns phase, while the blue and the red curves stand for the
CusNi;Sns phase and the CusNi,Sns phase, respectively. All
the reflections shift towards higher angles, which indicates a
decrease in lattice parameter a. Another effect of nickel disso-
lution is the appearance mode of (110) and (102) reflection at
20 =43° and (300) and (212) reflections at 20 = 79. The two
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separate reflections shift to the same position with increase in
the nickel content. Due to the decrease of parameter a, reflec-
tion (110) shifts towards small values of d. Reflection (300)
also shifts towards small values of d, while reflection (212)
slightly changes. It can be seen from Nogita’s [14] paper that
the value of lattice parameter a varies to a larger extent than
the value of parameter c.

1 CUBSNS raw
1 CudNi2SnS raw
1 CuSNi1Sn5 raw
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Fig. 4. Simulated diffractograms of the compound phase with differ-
ent nickel content
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Fig. 5. The evolution of measured pattern and comparison with cal-
culated curves

The diffractograms obtained by simulation can be used as
reference models for the identification of intermetallic phases
in the qualitative analysis of nickel containing samples.

3.3. Phase analysis of samples with different nickel
content

For the Rietveld refinement of nickel alloyed Sn-0.7Cu
solders, structural models simulated by PowderCell 2.4 soft-
ware were used. During fitting, a calculated curve was laid
on the measured one, and the degree of fitting of the two
curves was tested. After parametric adjustment (cell parame-
ters, crystallite size, preferred orientation, thermal parameters
and degree of occupation of atomic positions) the calculated
curve was fitted to the measured one. For the identification
of the phases present in the sample, the following cards were
used from PDF2 database: 8-Sn — PDF 004-0673, n-CugSns —
PDF 047-1575. The Rietveld-refinement results of nickel-free
Sn-0.7Cu alloy and Sn-0.7Cu alloy with 0.2% nickel content
are shown in Figs. 6 and 7, respectively.

The numerical results obtained in Rietveld refinement are
found in Table 2.
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TABLE 2
Results of Rietveld refinement of the Sn-0.7Cu alloys
Alloy Lattice Parameter, A Mean crystallite sizes, nm Weight fraction, %
L . Integrated FWHM,
, orentzian Breadth, 1 S CueS
a c FWHM volume vo! u;ned B—Sn | n—CugeSns
weighted weighte
Sn-0.7Cu 4.2003401 5.0904 173.9 110.739 154.815 98.54 1.46
Sn-0.7Cu-0.025Ni | 4.1947923 | 5.0891012 106.7 67.928 94.963 98.42 1.58
Sn-0.7Cu-0.05Ni | 4.1888341 | 5.0853374 94.5 60.135 84.07 98.34 1.66
Sn-0.7Cu-0.1Ni 4.1816304 | 5.0729533 52.5 33.418 46.719 96.99 3.01
Sn-0.7Cu-0.2Ni 4.1699863 | 5.0412682 47.6 30.284 42.337 98.53 1.47

Profile of i-5n phase
Profile of n phase
Complete measured profile

Calculated profile

=
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Fig. 6. Rietveld-refinement results of nickel-free Sn-0.7Cu sample

By increasing the degree of nickel substitution, the mean
crystallite size decreases. Elevated nickel levels leads to a de-
crease in both a and c lattice parameters. The variation of
lattice parameters as a function of nickel content is shown in
Fig. 8.

4. Conclusions

The position of nickel atoms incorporated in the CugSns
phase was simulated by PowderCell 2.4 software. The simu-
lation results can be summarized as follows: (i) the number of
atomic positions of nickel incorporation has no discriminant
effect on intensity in the diffractograms; (ii) an increase in

- I | | the nickel content leads to the decrease of lattice parameters
R fr ‘ | l a and c of the CugSns intermetallic; (iii) the incorporation of
ol .3 I nickel in the lattice structure of Sn-0.7Cu leads to a reflection
ot :j . Muiwl shift towards large angles and to a slight change in reflection
o E w . ¥  intensity.

§:: f AL N T The behavior of the CugSns intermetallics in the
ik ‘ i Prefi o P phiade Sn-0.7Cu lead-free solder is in good agreement with the sim-
o | ‘ E o LA R ulation results. The experimental results show that increased
st , [ [ S el nickel contents lead to a decrease in the mean crystallite size.
) T 3 \ JL w4 « _+._ The novelty of this observation contributes to the literature
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Fig. 7. Rietveld-refinement results of Sn-0.7Cu sample containing
0.2% of nickel
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Fig. 8. The lattice parameters of CusSns in function of the nickel
content

published so far on the crystalline morphology and structural
behavior of intermetallic compounds related to lead-free sol-
dering.
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