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Cu-Ni-Sn: A Key System for Lead-Free Soldering
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Being the most complex constituent of the quaternary system Ag-Cu-Ni-Sn,
the ternary system Cu-Ni-Sn is the key system for the investigation of the
interactions of Ag-Cu-Sn solder alloys with Ni as a contact material. Although
this system has been thoroughly studied in the literature, there are still many
uncertainties left. In the present work, a study of the phase equilibria in four
isothermal sections at 220, 400, 500, and 700°C of the Cu-Ni-Sn system was
carried out following a comprehensive literature study. The methods employed
were x-ray diffraction (XRD), metallography, and scanning electron micros-
copy including electron probe microanalysis. The ternary solubilities of the
NisSny-CugSns and NisSn-CusSn fields were characterized in detail. So far no
continuous solubility between the respective phases has been found. At
25 at.% Sn the existence of two ternary compounds formed from the BiFs-type
(Cu,Ni)sSn phase and reported in literature could be confirmed. On the other
hand, our results differ significantly from the very recent literature related to
lead-free soldering.
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INTRODUCTION

Since lead-free soldering has been implemented
in the field of electronics, the quaternary Ag-Cu-Ni-
Sn system has become the key system for the
understanding of interlayer formation between Ag-
Cu-Sn solders (the current industry favorite) and Ni
as a substrate material. An accurate description of
such a quaternary system, conveniently given by
the phase diagram, relies on thorough knowledge of
its ternary constituent systems, among them Cu-Ni-
Sn. Furthermore, Cu-Ni-Sn alloys themselves are
being used as substitutes for conventional Sn-Pb
solders in wave soldering, where they are superior
to Ag-containing solders in terms of easier handling
and cost. Within the discussions about high-tem-
perature (HT) solders for die-attach applications
and the development of new solder-related tech-
niques such as transient liquid bonding, Cu-Ni-Sn
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may once again be one of the key systems. There-
fore, this particular ternary system is considered
one of the most important systems in the field of
soldering, and consequently has been the subject of
numerous recent investigations. Previous publica-
tions have mainly focused on the (Cu,Ni)-rich part
of the system because of the important role of
Ni-bronzes with additions of Sn for the electric
industry. Recently, focus has shifted to the Sn-rich
corner and to lower temperatures within the
research field of lead-free solders. Surprisingly,
many uncertainties and even misconceptions
remain up to this day. As the characteristics of
such an alloy system are conveniently summarized
by the phase diagram, the aim of the work pre-
sented herein was a comprehensive study of this
system, represented here by four isothermal sec-
tions at 220, 400, 500, and 700°C.

Considering soldering, or even HT soldering
purposes, the primary interest may be at tempera-
tures below 400°C. Nevertheless, due to the diffi-
culties in achieving thermodynamic equilibrium at
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such low temperatures it is still worthwhile and
useful to determine phase equilibria at higher
temperatures. This provides information which can
serve as an input into a calculation of phase
diagrams (CALPHAD)-type assessment of the alloy
system, which again permits a reliable extrapola-
tion to lower temperatures.

LITERATURE REVIEW
The Binary Constituents

In this work, the Cu-Ni binary system was
accepted as established by Chakrabarti et al.,™?
while the phase equilibria in the Cu-Sn system
were taken from the assessment of Saunders and
Miodownik.??

The most recent experimental investigation of the
Ni-Sn system was done by Schmetterer et al.* Their
version of the system differs considerably from the
last assessment by Nash and Nash® and from two
calculated versions of the phase diagram by Ghosh®
and Liu et al.” As a detailed account of all changes
in this system can be found in Ref. 4, only the points
relevant to the present work will be mentioned.

The NizgSn HT phase was confirmed to have the
cubic BiF3 structure; it is therefore isotypic to
CusSn HT. An orthorhombic pCusTi-type phase
could be confirmed to be metastable, formed by a
martensitic reaction at high quenching rates.

The region around NizSn, is far more complicated
than previously reported. Besides a NiAs-type
NisSny HT-phase there are three corresponding
orthorhombic low-temperature (LT) phases, two of
which have incommensurate crystal structures.
Detailed crystal structure analyses in this region
were performed by Leineweber et al.®*!! The tran-
sition between the NigSn, LT and HT phases is first
order, consisting of two eutectoid and two peritec-
toid reactions in the temperature interval between
295°C and 411°C.

The System Cu-Ni-Sn

The ternary Cu-Ni-Sn system was recently com-
prehensively reviewed by Ghosh'? covering practi-
cally all available literature. Uncertainties can be
found in abundance, especially in the sections from
NizSn to CusSn (25 at.% Sn) and from NisSny to
CugSns (40-45 at.% Sn). One of the key investiga-
tions of the (Cu,Ni)-rich part was done by Wachtel
and Bayer'® who presented a partial isotherm at
650°C and an isopleth at 25 at.% Sn. These authors
noticed a stabilization of the BiFs-type (Cu,Ni)sSn
phase (y-phase) to lower temperature and reported a
decomposition of this phase resulting in a change of
the phase triangulation at Cu-rich concentra-
tions. Lee Pak et al.'*'® suggested the presence of
ternary compounds at Ni-rich concentrations along
the NizSn-CusSn section. They reported the decom-
position of the BiFs-type (Cu,Ni)sSn phase into a
pCusTi-type phase (designated 2H). This phase can
be formed by two mechanisms, either by massive
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transformation yielding a thermodynamically stable
phase, or martensitically, as described for the binary
NisSn. They furthermore proposed the existence of
a distorted pCusTi-type phase having triclinic
symmetry (designated d2H) based on electron dif-
fraction experiments. Although the cell parameters
are given, neither space group nor atomic arrange-
ment have been determined. However, the authors
proposed a detailed mechanism for the formation of
this phase.

More recent work focused on temperatures
around 240°C due to the application in lead-free
soldering, and many experimental and calculated
isothermal sections have been suggested in the
literature'®~'%; however, all of these studies suffer
from a number of shortcomings: the authors
reported a solid solution of Cu and Ni in Sn at
240°C, which cannot exist at this temperature above
the melting point of Sn. The liquidus, however, was
not mentioned at all. Second, although it was rec-
ognized that no continuous solid solution between
NisSn LT and CusSn LT or even CusSn HT can be
formed, the authors still preferred to include it
based on the fact that no two- or three-phase region
was observed in the scanning electron microscopy
(SEM) studies.

Ghosh'? also mentions a third ternary phase
(a Haeusler phase) based on the report bgr Schreiner
et al.?® However, Wachtel and Bayer'® could not
confirm the existence of such a phase. Oberndorff?!
established an isothermal section at 235°C and
reported the existence of a ternary phase Cuy7Nigg
Snus. Yu et al.?? performed first-principle calcula-
tions along Cug_,Ni,Sns and found an ordering of
Cu and Ni atoms at the composition of CuyNisSns.
They assumed CuyNisSns to be a ternary interme-
tallic compound but did not give any information on
corresponding phase equilibria or phase transitions.
Furthermore, Larsson et al. reported various pha-
ses having superstructures of the InNi,-type struc-
ture of CugSn; HT.?324

EXPERIMENTAL SECTION

Cu-Ni-Sn alloys were prepared from Cu wire
(99.98+%, Goodfellow, UK), Ni wire (grade 1, Speci-
ality Products, Johnson Matthey, Materials Tech-
nology, Royston, UK) or Ni sheet (99.99%, Advent
Research Materials Ltd., Eynsham—Oxford, UK)
and Sn ingots (99.999% metal basis, Ventron Alfa
Products, Beverly, MA, USA). The Cu wire was
cleaned by heating in a H, atmosphere at 250°C.

Calculated amounts of the pure metals were
weighed, usually to a total mass of 1-2 g, and
alloyed in an electric arc furnace (Edmund Biihler
MAM1, Johanna Otto GesmbH, Germany). After
alloying all samples were sealed in evacuated
quartz tubes and annealed at various temperatures
followed by quenching in cold water. Annealing
times were usually 9 weeks at or below 400°C, and
6 weeks for the higher temperatures.
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Powder XRD data at room temperature were
recorded using an Image Plate Guinier camera
(Huber GmbH, Rimsting, Germany) on a Siemens
Kristalloflex ERL 1000 generator (Siemens AG,
Berlin, Germany) with CuK,; radiation or on a
Bruker D8 powder diffractometer. High-purity Si
powder mixed with the samples was used as an
internal standard. The patterns were analyzed
using Topas 3 software (Bruker AXS, Karlsruhe,
Germany). Crystal structure data were taken from
Pearson’s Handbook of Intermetallic Phases® or
from recent publications ®11:23:24

Samples to be examined by SEM were embedded
in a mixture of 1:2 volume parts of Cu powder and
Resinar F (Wirtz/Buehler, Diisseldorf, Germany) or
in graphite-containing conductive polymer. After
embedding, the samples were ground with SiC discs
with 600 to 1200 mesh and polished with Al;O;
(1 um) to obtain a smooth surface.

Scanning electron microscopy (SEM) and electron
probe microanalysis (EPMA) measurements were
performed in Vienna [Cameca SX100, Wavelength
Dispersive Spectroscopy (WDS); 15 kV/20 nA beam
current; ZAF matrix correction] and Eindhoven
[JEOL JSM-840A, Energy Dispersive X-ray Spec-
troscopy (EDX); 20 kV/1-1.5 nA beam current; ZAF
correction]. Some of the measurements were done in
cooperation with the Department of Physics of
Materials, Academy of Sciences of the Czech
Republic, in Brno (JEOL JSM-6460, EDX; 15 kV).
The pure metals Cu, Ni, and Sn were used for the
calibration of the instruments.

RESULTS AND DISCUSSION

Results of the phase analysis based on EPMA and
XRD data of samples annealed at 220, 400, 500, and
700°C are summarized in Table I. The isothermal
sections drawn from these data are shown in
Figs. 1-4. At 220°C (Fig. 4) only the Sn-rich part is
based on experimental data, as in the (Cu,Ni)-rich
part below 40 at.% Sn equilibrium samples are
likely not to be obtained. Thus, the (Cu,Ni)-rich part
has been extrapolated from the higher tempera-
tures. The liquidus lines in the isothermal sections
(Figs. 1-4) were estimated from the binary systems
and a limited number of differential thermal anal-
ysis (DTA) measurements.?®

As expected from the literature study, rather
complex phase relations were encountered in the
system Cu-Ni-Sn, even more complicated by the for-
mation of metastable phases during quenching and
by the existence of HT-LT phase transitions. For
example, in the binary Cu-Sn system the y-phase is
known to quickly transform partly or completely into
d or ¢ on cooling or quenching.?” This was observed in
the ternary system, too, in a number of samples, e.g.,
CuyoNiipSnsg or CugsNissSngs quenched from 700°C.
Although this made the interpretation of experi-
mental results rather difficult, a number of uncer-
tainties could be clarified in the present work.

Schmetterer, Flandorfer, Luef, Kodentsov, and Ipser

According to the vertical section at 25 at.% Sn
published by Wachtel and Bayer,'® there is a tem-
perature-dependent continuous solid solution be-
tween NisSn HT and CusSn HT (y-phase, in the
literature also designated “H”). From the binary
systems Ni-Sn and Cu-Sn it is evident that this solid
solution cannot show up as such in isothermal sec-
tions at any temperature, because the two isotypic
binary phases are not stable in a common temper-
ature range. Thus a continuous solid solution in an
isothermal section at 240°C as shown by Lin et al.*®
can obviously not exist.

According to our findings and in agreement with
Wachtel and Bayer,'? the y-phase solid solution is
stabilized down to lower temperatures over a wide
concentration range. Its stability range narrows
significantly with decreasing temperature (compare
the isothermal sections in Figs. 1-3). On both the
Cu- and the Ni-rich sides, respectively, this y-phase
solid solution was found to decompose into several
other phases at lower temperature, as has already
been recognized in earlier investigations.'*~!°

From our investigations, the decompositions on
the Cu-rich side were found to take place between
approximately 400°C and 500°C (compare the rele-
vant isothermal sections in Figs. 2 and 3). This
temperature range is slightly smaller than indi-
cated by Wachtel and Bayer.'® Details concerning
the reactions involved are the subject of ongoing
investigations, but the change in phase equilibria as
a result of these decompositions can be recognized
from a comparison of the isothermal sections at
400°C (Fig. 3) and 500°C (Fig. 2). While there still
exists an extended homogeneity range of the
y-phase at 500°C, various two- and three-phase
fields appear at 400°C. They directly connect the
(Cu,Ni) solid solution and the two Cu-Sn compounds
¢ and { with ternary solutions based on NizSn, and
CugSnjs. This is in rather good agreement with the
results of Wachtel and Bayer,'® but is in complete
contrast to recent work concernin§ isothermal sec-
tions at 235, 240, and 250°C.'519%!

On the Ni-rich side, a fCusTi-type phase desig-
nated as “2H” was first reported and identified as a
stable phase by Lee Pak et al.'*!® In the present
work, the designation t1 will be used. It is inter-
esting that in both binary systems, Cu-Sn® and
Ni-Sn,* an isotypic metastable phase is formed at
about 25 at.% Sn by rapid cooling out of the y-phase.

In the present work, the stable ternary phase 71
was identified by XRD in several samples annealed
at 400, 500, and 700°C. The model for the crystal
structure given in Table II was used to index the
corresponding peaks in the powder diffractograms.
It could be confirmed that it is a truly stable equi-
librium phase in the ternary Cu-Ni-Sn system, in
good agreement with essential literature cited
above. Due to its crystal structure, which is differ-
ent from any other phase in the neighborhood and
due to its clear separation from other phases by two-
or three-phase fields, this phase is a true ternary
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Ni
o
Ys, _
X L Ni.Sn LT
Ni,Sn LT + 11+ (Cu, Ni)
+ 11 + Ni,Sn, HT,
4(.
58, i
11+ + (Cu, Ni)
Ay .
(Cu, Ni)
40
L + Ni,Sn, HT
+ Ni,Sn,
100/ L N/ "mmm=iaa 0
Sn Q 40 60 100 Cu
CusnHT () B

Fig. 1. Cu-Ni-Sn isothermal section at 700°C; axes in at.%. Sample
positions are indicated by small crosses; experimentally determined
tie lines are shown using dotted lines and estimated phase field
boundaries are given by dashed lines.

Sn u’ { 20 40 80 (' ao\ 100 Cu
L Cu,SnLT (&) Cu,Sn, (5)

Fig. 2. Cu-Ni-Sn isothermal section at 500°C; axes in at.%. Sample
positions are indicated by small crosses; experimentally determined
tie lines are shown using dotted lines and estimated phase field
boundaries are given by dashed lines.

compound and not a ternary solution of a binary
phase (as is the case, e.g., with the y-phase).

A metastable martensitic transformation yielding
a pCusTi-type phase occurs as well in the ternary
solution of the fy-phase. In samples placed at
CuysNissSngs and CugsNissSnes that were quenched
from 700°C a phase with a pCusTi-type crystal
structure was found in addition to the equilibrium
phases. However, its cell dimensions and free
parameters of the atom positions (also given in
Table II) differ significantly from those of the <1

Schmetterer, Flandorfer, Luef, Kodentsov, and Ipser

\ Ni.Sn LT
b+l (Cu, Ni)

1+ + (Cu, Ni)

CuSn.HT+ o
Ni,Sn, HT + N x40

¥(Cu, Ni)

0

100 Cu
Cu,Sn, HT CuSnLT () Cu,Sn, (3)

1 =Ni,Sn LT + 11 + Ni,Sn, HT IV = Ni,Sn, HT + { + (Cu,Ni)

11 =11 +5+Ni,Sn, HT V =Cu,Sn, HT + Ni,Sn, +
1T = Ni,Sn, HT + y + (Cu,Ni) VI=CuSn,HT+{+&

Fig. 3. Cu-Ni-Sn isothermal section at 400°C; axes in at.%. Sample
positions are indicated by small crosses; experimentally determined
tie lines are shown using dotted lines and estimated phase field
boundaries are given by dashed lines. The NizSn, area is shown
shaded, while the unusually large (Cu,Ni) ternary solubility is shown
shaded and surrounded by a dashed phase boundary.

NiSn LT
+ 11+ (Ni)

- 20

¥ - 0
60 80 100 Cu
Cu,Sn, HT Cu,SnlT(e) Cu,Sn, (5)
I =Ni,Sn LT + 11+ Ni,Sn, HT IV = Ni,Sn, HT + { + (Cu)

I =11+v+Ni,Sn, HT V =Cu,Sn, HT + Ni,Sn, + {
111 = Ni,Sn, HT + y + (Cu) VI=CuSn, HT +L+e

Fig. 4. Cu-Ni-Sn isothermal section at 220°C; axes in at.%. Sample
positions are indicated by small crosses; experimentally determined
tie lines are shown using dotted lines and estimated phase field
boundaries are given by dashed lines. Only the Sn-rich part of this
isotherm is based on experiments. The (Cu,Ni)-rich area estimated
from the higher temperatures and from the binary systems is shown
in light grey.
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Table II. Comparison of Some Crystallographic Data of the Stable and Metastable fCusTi-Type Phases
in Cu-Ni-Sn; Space Group for Both Structures: Pmmn

71 (Stable)

71’ (Metastable)

Lattice Parameters, pm Atomic Positions

Lattice Parameters, pm Atomic Positions

a = 537.60 Sn: 0, 0, 0.82499
b =429.31 Cu/Ni 1: 0, 0.5, 0.19308
c=451.42 Cu/Ni 2: 0.25, 0, 0.31865

a =554.11 Sn: 0, 0, 0.74895
b =429.30 CwNi 1: 0, 0.5, 0.29443
c =437.85 Cu/Ni 2: 0.25, 0, 0.18735

4.600

40005 Cu,NigSn,,

* (Cu,Ni)
3.000 ® CuSnHT
+ 1

Counts

2.000

° +
1.000] A% /\ A e A
0
19.000 .
Cu,Ni;Sn,,
15.000 * (Cu.Ni)
g ® CuSnHT
O CuSnlLT
8 10000
5000
o Si 14
+ + +

26 28 30 32 34 36 38 40 42 44 46
20 °
Fig. 5. Diffractograms from Guinier-XRD of samples CuyoNisgSnao
and CuysNis3Sny, including the 71 and 717 phases, respectively. The
powder of the hard samples had to be produced by filing followed by
stress annealing.
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Fig. 6. SEM image of the microstructure of sample CuyoNisgSnao
quenched from 700°C clearly showing three phases: y (light grey), t1
(medium grey), and (Cu,Ni) solid solution (dark grey); the black spots
are holes.

equilibrium phase. The diffractograms of samples
CugoNisgSngy and CugsNissSngs containing the sta-
ble 71 and t1” phases, respectively, are shown in
Fig. 5. It can be seen that peak positions and rela-
tive intensities of 71 and 71’ differ significantly. This
observation is quite remarkable, as the differences
between the lattice parameters and atom positions
(cf. Table II) allow a clear distinction between the
stable 71 and the metastable phase designated 1" in
this work. These structural changes cannot be
explained only by differences in the Cu/Ni ratio, and
therefore this phase is considered to be metastable.
Its appearance was explained by Lee Pak et al.'*15:
according to them an alternative, stress-induced
martensitic way of formation of the 71’ phase out of
the y-phase is possible.

Lee Pak et al.'*'® described an additional stable
phase next to the 25 at.% Sn section. This phase was
reported to be a triclinic distortion of the t1 phase
(designated d2H by the authors). In two samples at
Cu13_9Ni48.QSn37_2 and C'l.lzoNi47SIl33, quenched from
400°C, a diffraction pattern was observed which
could be indexed using either PI or P-1 symmetry and
the lattice parameters a = 542.36(2) pm, b =
451.07(1) pm, c = 427.92(2) pm, o = 84.373(3) deg,
f = 85.560(3) deg, y = 84.007(3) deg, starting from

the values given by Lee Pak et al.'*'® However, the
available crystallographic data had originally been
derived from electron diffraction without any infor-
mation concerning the atomic positions. Thus we do
not consider our powder pattern refinement based on
the cell dimensions only and without any atomic
positions as a valid proof for the existence of this
phase. However, in the sample at Cu;(Nis;Snss the
Sn content of 27 at.% obtained by EPMA deviates
slightly from the values which were found for the
y-phase in other samples. Therefore, this phase was
included as a stable ternary compound in our phase
diagram description (designated t2).

Thus, there are two ternary compounds in the
system Cu-Ni-Sn, t1 and 12, situated around
25 at.% Sn in addition to the 7y-, NigSn LT, and
CusSn LT phases (Fig. 3). Furthermore, there is the
metastable 71’ variant of the t1 phase, fully in
agreement with the results of Lee Pak et al.'*1?

The phase triangulation in the (Cu,Ni)-rich part
up to 40 at.% Sn at 700, 500, and 400°C was derived
from XRD and EPMA measurements. As an exam-
ple the micrograph of a sample CuggNisgSngs an-
nealed at 700°C is shown in Fig. 6. Three phases
can be distinguished, i.e., the (Cu,Ni) solid solu-
tion, 71 and 7. On the other hand a complementary



22

three-phase field [NigSn, HT + y + 1] was found in
a sample Cu;oNis7Sns3, a composition situated on
the Sn-rich side of the [y + 71] two-phase field.
These results clearly indicate that t1 is a stable
equilibrium phase. In principle, the same phase
triangulation concerning y and tl1 was found at
500°C and 400°C and was accordingly included in
Figs. 1-3. At 700°C and 400°C, the orientation of
the three-phase fields nicely agrees with the sur-
rounding tie lines also determined by EPMA,
whereas at 500°C the concentrations for the (Cu,Ni)
phase obtained from the EPMA measurements of
samples Cu25Ni538n22, Cu23Ni55Sn22, and Cu20
NisgSngs turned out to be inconsistent with the
lattice parameter variation and with data from
other temperatures. Therefore, the (Cu,Ni) apex of
the three-phase field [(Cu,Ni) + y + 71] at 500°C was
placed in consistency with other data and does not
reflect the EPMA results.

The phase equilibria around t1 and y in princi-
ple agree with the thermodynamic modeling by
Miettinen®® who included the ternary phase Cus
Nig7Sng (called I'l; it is identical to 1 from the
present work) in his dataset. The phase triangula-
tion is quite similar except for the placement of the
(Cu,Ni)-apex of the three-phase field [(Cu,Ni) +
71 + y]: at 700°C there is a small deviation from the
present results, while at 550°C this point is placed
at a high Cu content in disagreement with the
present evaluation (see above). Further work will
obviously be needed to clarify this point.

The phase equilibria between NisSn LT and 71
are based on the literature information and a
limited number of data from the present work
(Table I). At 700°C the three-phase field [NizSn
LT + 71 + (Cu,Ni)] was placed according to the
evaluation of the phase equilibria at 800°C from
Wang and Chen,?’ whereas at 500°C (Fig. 2) the
(Cu,Ni)-apex of this three-phase field was placed in
consistency with the experimentally determined tie
line NigSn LT + (Cu,Ni) from EPMA measurements
of a sample placed at CugsNigoSnys. This, however,
was again found to be inconsistent with the data
from higher and lower temperatures (Figs. 1 and 3).

The phase triangulation at 400°C (Fig. 3) associ-
ated with the 12 phase is based on the present re-
sults (compare results for samples CuioNis;Snss
and CuyoNig;Snzs in Table I), however, it is slightly
different from the version given by Lee Pak et al.®
In the present work, no three-phase field [t1 +
72 + 7] could be observed, but rather the three-
phase fields [NisSny, HT + 7 + 71] and [NiszSn,
HT + y + 72]. Therefore, we prefer to (tentatively)
show two three-phase fields [NigSn, HT + y + 2],
one on either side of the 2 phase (Fig. 3).

In the binary Cu-Sn system, there exist a number
of phases with a higher Cu content than that of
CusSn HT (y-phase). At 700°C results obtained from
the phase analysis allowed the evaluation of the
narrow three-phase field [(Cu,Ni) + f+ yl. Its
placement nicely agrees with the thermodynamic
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modeling of this area from Miettinen.?® The
appearance of CuyiSn;; (J-phase) in the Cug.
NisSn;5 sample is considered to be a nonequilibrium
effect based on the fact that in the binary Cu-Sn
system Cu42]7Sn11 is formed out of CusSn HT during
quenching.

In Cu-rich samples quenched from 400°C to 500°C
the phase Cu;oSn; ({-phase) was found by XRD and
EDX/EPMA well below its binary thermal stability
range (Figs. 2 and 3). This observation suggests a
stabilization of this phase to lower temperature,
similar to the y-phase, and is consistent with the
report of Wachtel and Bayer.'® The corresponding
three-phase fields on the Cu-rich side have to be
very narrow and therefore could not be observed
experimentally. There is a remarkable ternary sol-
ubility of approximately 9 at.% Ni in the (-phase,
whereas the CuszSn LT phase (¢-phase) shows only
minor solubility of Ni (2 at.% maximum).

The solubility of Sn in (Cu,Ni) was found to
decrease slightly from 700°C to 500°C (compare
Figs. 1 and 2). However, at 400°C (Fig. 3) a large
solubility of about 8.5 at.% Sn was observed. This
situation is rather unusual, as solubilities would be
expected to decrease when going to lower tempera-
ture. However, there are some experimental phase
diagrams showing a very similar shape of the
(Cu,Ni) phase field, e.g., Chen et al.!” Despite this
the large solubility was drawn using dashed lines in
Fig. 3 of the present work.

In both binary systems, the phases CugSns HT and
NisSny HT have an InNi,-type structure, a partially
filled variant of the NiAs type. As this structure type
is extremely flexible,?® a large number of phases
with NiAs superstructures exist in the two binaries:
three different orthorhombic NigSny, LT phases (see
Refs. 4 and 8-11) and three monoclinic CugSns
superstructures: CugSns LT (-CugSns according to
Ref. 23), #%-CusSny and #75-CusSny.?* Since a con-
tinuous ternary solid solution is only possible for
phases with isotypic crystal structures, a corre-
sponding continuous solution (Cu,Ni)sSny could
theoretically only exist for the two HT phases in a
small concentration and temperature range. In the
literature,'®'° small two-phase fields were reported
between the NizSn, and CugSns phases without
specifically taking into account the various LT
modifications. While practically all of the litera-
ture reports extended ternary solubilities of both
binary phases, Oberndorff et al. mentioned a small
solubility of Ni in CugSns at 235°C and postulated
the existence of a ternary compound around
Cug7NigeSnyy.?! This is in contrast to other phase
diagram versions published up to now. The present
results, too, support an extended solubility range of
CugSns HT (Figs. 3 and 4).

At 400°C the ternary solution of CugSns HT was
observed in all relevant samples, but none of the
other related superstructure phases reported in the
literature. There was no indication of a ternary
compound in this region. However, various NizSn,
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Fig. 7. SEM image of sample CuyoNis75Sn42 5 annealed at 220°C
showing three phases: NizSn, LT or LT’ (dark), CugSns HT (medium)
and small amounts of NizSn, (white). The black spots are holes.

modifications were observed by XRD along its ter-
nary solubility range (Table I). The predominantly
observed phase was the HT phase with InNis-type
structure. In some samples, however, the corre-
sponding equilibrium phase was NigSny LT or LT,
where it is rather difficult to distinguish these two
structures in XRD powder patterns. For simplicity,
it was decided to show the ternary solubility of
NisSny without indication of the different modifi-
cations, although the overall phase field of NizSn,
could be experimentally evaluated based on EPMA.
In Figs. 24, the inner part of the Ni3Sn, area is
therefore shown shaded.

At temperatures of 400°C and 220°C (Figs. 3 and 4),
two- and three-phase fields, respectively, between
NisSny and CugSns were observed by XRD, EPMA,
and metallography. As an example Fig. 7 shows an
SEM image of the microstructure of a sample
CugoNizy 5Sn4s 5 annealed at 220°C, where the
NisSny,, CugSns HT, and NisSn, phases can
clearly be distinguished. At this temperature the
XRD patterns of samples placed at Cu;oNiggSnys,
CUQoNi37.5SD42.5, and Cll30Ni26.5SIl43.5 showed dif-
ferent additional line patterns, which could not be
indexed using any of the known phases in this
composition range. However, the appearance of
additional lines in the XRD patterns is no proof for
the existence of ternary compounds in this concen-
tration range, because analysis of these samples
was complicated by two facts: (1) due to the change
of the cell dimensions in the ternary solid solutions,
reflexes shift in the XRD patterns. A clear distinc-
tion of complex XRD patterns of closely related
structures is hardly possible; (2) the homologous
annealing temperature of 220°C (or even 400°C) is
low; samples were therefore slowly cooled to this
temperature prior to annealing to approach the
equilibrium gradually. Nevertheless the establish-
ment of equilibrium cannot be assured. This is
especially true for (Cu,Ni)-rich alloys with a Sn

23

content below 40 at.%. Thus the phase relations in
this part of the isothermal section at 220°C had to be
derived in analogy to the results at 400°C. They are
therefore shown in a lighter shade of grey (Fig. 4).

The solubility of Cu in NizSn, was found to be
much smaller than in the other Ni-Sn phases. It
varies between 3.6 at.% at 700°C and 5.6 at.% at
220°C. Measurements of the solubility of Cu and Ni
in (Sn) were complicated by the development of fine
microstructures of (Sn) and CugSn; (e.g., samples
CugNigpSngg and CuqgNiggSngy annealed at 220°C);
however, according to our data and in consistency
with the solubility in the binary systems this ter-
nary solubility is negligible.

CONCLUSIONS

A set of isothermal sections at 220, 400, 500, and
700°C is presented for the ternary Cu-Ni-Sn system.
A number of serious uncertainties in the literature
could be clarified based on a careful study of the
available literature and our own experimental work,
resulting in a description different from recent
reports. Furthermore the existence of two ternary
compounds as proposed by Lee Pak et al.'* around
25 at.% Sn, 11 (fCusTi-type structure) and 12
(triclinic, distorted t1), could be confirmed in this
work. Other ternary compounds reported in the lit-
erature, NiCuySn (Héusler phase),?® CuyNiySns,%?
and Cug;NiseSnys>! could not be confirmed and were
therefore not accepted for the isothermal sections.
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