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Abstract

The transition towards low-Sn content alloy design represents a promis-
ing avenue for developing high-performance Cu-Ni-Sn alloys, enabling tai-
lored microstructural evolution while minimizing the propensity for unde-
sirable secondary phase formation. Accordingly, the present work presents
a CALPHAD-coupled experimental investigation to elucidate the influence
of Sn addition on microstructural characteristics and resulting properties
of solute-lean Cu-Ni—Sn alloys. The alloys were synthesised using powder

metallurgy route, wherein the Ni content was fixed at 4 wt%, while the Sn
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concentration was systematically varied from 0 to 4 wt%. The experimen-
tal findings closely corroborated the thermodynamic predictions, revealing
that Sn additions up to 3 wt% preserve an FCC-dominated microstructure
containing only a limited amount of solute-rich precipitates. Progressive en-
hancement in densification was observed with increasing Sn content from 0 to
3 wt%, where Cu-4Ni-3Sn alloy achieved the highest relative sintered den-
sity (~91%), corresponding to an improvement of ~11% over Cu-4Ni alloy.
In contrast, further increasing the Sn content to 4 wt% resulted in reduced
densification and a marked deterioration in electrical conductivity. Moreover,
the compressive yield strength of Cu-4Ni—3Sn alloy exhibited more than two-
fold increase relative to the Cu—-4Ni alloy, with only marginal strengthening
thereafter, indicating the onset of strength saturation with further Sn ad-
dition. Collectively, the findings obtained in this study demonstrate that
judicious incorporation of 3 wt% Sn represents an effective solute-lean al-
loy design strategy for achieving a favourable combination of densification,

strength and electrical conductivity in sintered Cu—Ni—Sn alloys.
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1. Introduction

Cu—Ni—Sn alloys have garnered significant interest and emerged as notable
alternatives to Cu—Be alloys in electronics, aerospace and marine sectors, ow-
ing to their remarkable combination of strength, electrical conductivity, wear
resistance and corrosion resistance [1, 2|. However, Cu—-Ni-Sn alloys with
high Ni and Sn contents fabricated through conventional processing route
of casting typically exhibit electrical conductivities below 12% IACS (In-
ternational Annealed Copper Standard), which are considerably lower than
those of Cu—Be alloys [3, 4]. Moreover, despite the exceptional strength at-
tainable in Cu-Ni-Sn alloys, macro-segregation of Sn remains a persistent
challenge in conventionally processed compositions, particularly at higher
Sn contents, owing to the limited solubility of Sn in Cu, the wide solidifi-
cation temperature interval and the substantial differences in melting point
of the constituent elements [5]. During the casting process, solidification
of Cu—Ni—Sn alloys is accompanied by dendritic microstructure formation
and Sn segregation, resulting in compositional heterogeneity that promotes
the formation of solute-rich regions and brittle intermetallic phases, which
collectively deteriorate mechanical and electrical properties, reduce worka-
bility, and hinder subsequent thermomechanical processing, thereby making
the fabrication of thin sheet products particularly challenging [6, 7]. These
processing limitations inherent to high Sn content Cu-Ni—Sn alloys have mo-
tivated the development of solute-lean alloy design strategies for regulating

microstructural evolution while retaining a desirable combination of strength



and electrical conductivity. Nevertheless, the selection of an appropriate pro-
cessing technique is equally vital in order to fully exploit the potential of the
designed alloy compositions. In this regard, powder metallurgy (PM) of-
fers an attractive alternative processing route that employs temperatures
substantially lower than those required during conventional casting. More-
over, the relatively low processing temperatures employed in PM route fos-
ter diffusion-mediated microstructural evolution without requiring complete
melting and subsequent solidification, thereby enabling the development of
compositionally engineered Cu-Ni—Sn alloys with tailored phase constitution
and properties. Despite these advantages, the composition-dependent inter-
play between thermodynamic phase stability, microstructural evolution and
resultant properties in solute-lean Cu—Ni—Sn alloys processed through PM
remains largely unexplored.

Most of the reported studies on Cu-Ni—Sn alloys have focused on alloy-
ing driven structure—property tailoring and thermomechanical processing of
cast alloys [8, 9, 10, 11], with particular emphasis on high Sn compositions,
aging-induced precipitation and spinodal decomposition (2, 4, 12, 13, 14].
In contrast, comparatively little attention has been devoted to the devel-
opment of solute lean Cu—Ni—Sn alloys based on thermodynamic phase sta-
bility predictions in conjunction with PM processing. Although previous
CALPHAD investigations of the Cu-Ni-Sn alloy system have established
reliable descriptions of phase stability across a broad compositional range

[15, 16], their scope has largely been limited to thermodynamic predictions



without demonstrating how these predicted results translate into the ex-
perimentally observed phase constitution under practical processing circum-
stances. The present work addresses this gap by integrating equilibrium
thermodynamic predictions with PM processing to establish composition—
processing—microstructure—property correlation in solute lean Cu-Ni-Sn al-
loys in which relatively small compositional changes can significantly affect
the phase stability and resulting properties. Instead of employing CALPHAD
solely as a predictive thermodynamic tool, the present work elucidates the
experimental manifestation of equilibrium thermodynamic predictions in the
phase evolution occurring under practical PM processing conditions. Par-
ticular emphasis is placed on delineating the compositional regime that pro-
motes the stability of the Cu-rich face-centred cubic (FCC) solid solution
while limiting the formation of solute-rich secondary phases. By integrating
thermodynamic predictions with experimental findings, this study presents a
holistic framework for elucidating the role of solute lean alloying in governing
the structure—property evolution, thereby providing a rational pathway for

the development of high-performance Cu-Ni-Sn alloys.

2. Methodology

2.1. Computational thermodynamic analysis

The CALPHAD approach was employed for predicting phase equilibria

and thermodynamic stability across the range of studied compositions. The



computational thermodynamic study was carried out by utilising Thermo-
Calc software [17] using the TCCU6 thermodynamic database. In this study,
the concentration of Ni was fixed at 4 wt% to minimizing excessive degra-
dation in electrical conductivity, as higher Ni additions are known to sig-
nificantly increase electron scattering in Cu alloys [18|. In contrast, the Sn
content was varied from 0 to 4 wt% to systematically probe the transition
from Sn-free to the upper limit of the solute-lean regime reported in the
literature |7, 19|, where the interplay among phase stability, precipitation
tendency and resultant properties could be critically assessed. Guided by
the thermodynamic predictions, the selected alloys were subsequently syn-
thesized via PM processing and subjected to comprehensive characterization

to establish the composition—microstructure—property relationship.

2.2. Alloy processing

In the present work, elemental powders of copper (Cu), nickel (Ni) and
tin (Sn) were utilized as starting materials. SEM micrographs depicting

the morphology of the powders are shown in Fig. 1. Further details of the

powders employed for the synthesis of Cu—Ni—Sn alloys are listed in Table 1.

Figure 1: SEM micrographs of (a) Cu; (b) Sn and (c) Ni powders.



Table 1: Details of raw materials.

Element Supplier Purity Average Theoretical ~ Shape
(%)  particle size density
(pm) (g/cm?)
Cu Metal Powder 99 20 8.96 Spheroidal

Company Ltd.,
Tamilnadu, India

Ni Sigma Aldrich, U.S.A  99.99 5 8.90 Spheroidal
(spiky)
Sn Metal Powder 99 10 7.31 Non-
Company Ltd., spherical

Tamilnadu, India

Elemental powder blends were formulated according to the following com-
positions (in weight %): Cu—4Ni, Cu-4Ni-1Sn, Cu-4Ni-2Sn, Cu-4Ni-3Sn,
and Cu—4Ni—4Sn. The required quantities of each elemental powder were
weighed using an analytical balance with +0.0001 g accuracy. Subsequently
the powder mixture consisting of Cu, Ni and Sn corresponding to the de-
signed compositions were thoroughly blended for 3 h in a turbula mixer to
ensure uniform mixing. The pre-mixed powder blends were uniaxially com-
pacted in a cylindrical die using a hydraulic press. A compaction pressure
of 400 MPa was applied to form cylindrical green compacts with dimensions
of 12 mm diameter x 6 mm height. The green compacts were sintered in
a conventional tubular furnace. Before the initiation of sintering, the fur-
nace tube was purged with argon gas to displace residual air and establish
an inert atmosphere. Hydrogen gas was then introduced in the tube, and
the green compacts were subsequently sintered under a controlled hydrogen

atmosphere. The samples were heated from room temperature to 900 °C



at a constant heating rate of 5 °C min~!, held at 900 °C for 1 h, and sub-
sequently furnace cooled to room temperature under the same atmosphere.
A schematic representation of the complete sintering cycle employed in this

study is presented in Fig. 2.
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Figure 2: Sintering cycle for synthesis of Cu—Ni—Sn alloys.

2.3. Alloy characterization

The density of sintered compacts was determined using Archimedes prin-
ciple. Relative sintered density (RD, %Theoretical) and theoretical density

(pt) were calculated using Eqgs. (1) and (2), respectively [20].

RD =" x 100 (1)
Pt
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where ps and p; denote the sintered and theoretical densities of the com-
pacts, while the weight percentage and density of individual components are
represented by w; and p;, respectively. Phase identification was conducted
using X-ray diffraction (Bruker D8 Focus) with Cu-Ka radiation (wavelength
= 1.54 A). Diffraction patterns were collected over a 26 range of 20° to 100°
at a scanning rate of 2° per minute. Microstructural examination was carried
out using scanning electron microscope (SEM) (Zeiss Evo 50) on as-polished
samples. Energy-dispersive X-ray spectroscopy (EDS) was utilized to investi-
gate the elemental distribution in the sintered samples. Electron backscatter
diffraction (EBSD) experiments were conducted to study the evolution of the
grain size of the sintered alloy samples using field emission SEM (Supplier:
JEOL, Model: JSM-7100F). EBSD scans were performed at an operating
voltage of 20 kV with a step size 0.2 um. Electrical conductivity was de-
termined utilizing a conductivity meter which was calibrated using annealed
Cu with an electrical conductivity of 100% TACS. Hardness measurements
were performed by employing a Vickers hardness tester under an applied load
of 300 g with a dwell time of 10 s. For each alloy composition, 5 indenta-
tions were made at randomly selected locations on the polished surface. To
avoid overlap of the plastic deformation fields, adjacent indentations were

separated by a centre-to-centre distance of at least three times the average



indentation diagonal length. For compression testing, specimens with a di-
ameter of 4 mm and a height of 6 mm were machined from each sintered
compact. The dimensions of the specimen were chosen to attain a height-
to-diameter ratio (H/D) of 1.5, in compliance with the ASTM E9 standard.
Compression tests were carried out at a constant strain rate of 0.001 s~! using
a universal testing machine (INSTRON 5500 R, UK). For each composition,
three samples were tested. The compressive yield strength was determined
using the 0.2% offset method. A line was drawn parallel to the initial linear
elastic segment of the compressive stress—strain curve, offset by a strain of
0.002, and the stress at its intersection with the experimental stress—strain
curve was designated as the compressive yield strength. This comprehensive
characterization approach enabled a detailed evaluation of microstructural
evolution and resulting properties of sintered Cu-Ni-Sn alloys as a function

of composition.

3. Results

3.1. Thermodynamic analysis

In this section, the effect of compositional variation on thermodynamic
stability and phase equilibria in the Cu-Ni-Sn system is elucidated through
a CALPHAD based approach.
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The thermodynamic phase-stability predictions obtained using Thermo-
Calc, together with the corresponding phase nomenclature and chemical com-
positions of the phases identified in the calculated phase diagrams are pre-
sented in Figs. 3 and 4 and Table 2, respectively. The calculated isothermal
section at 900 °C [Fig. 3(a)| shows that the investigated compositions are
located within the single-phase stability region at the sintering temperature
under equilibrium conditions, indicating that the Cu rich FCC phase is the
thermodynamically stable phase expected to exist at this temperature. This
phase stability indicates that 900 °C is an appropriate sintering tempera-
ture, as it preserves a stable FCC matrix and suppresses secondary phase
formation. This prediction is further strengthened by the isopleth section at
a constant 4 wt% Ni [Fig. 3(b)|, which shows that the studied compositions
remain within the FCC phase field during the high-temperature sintering
regime and approach the solvus boundary only during subsequent cooling.
The computed isopleth section further illustrates that increasing the Sn con-
tent from 0 to 4 wt% progressively decreases the solidus temperature from
So to Sy as depicted in Fig. 3(b). The reduction in solidus temperature im-
plies that, at the fixed sintering temperature employed in the present study,
the alloys are processed progressively closer to their solidus. Such a ther-
modynamic shift is anticipated to improve atomic mobility and facilitate
diffusion-controlled mass transport during sintering, ultimately promoting
densification. Simultaneously, the isopleth section indicates that increasing

the Sn content progressively raises the temperature at which the secondary
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intermetallic phases first attain thermodynamic stability upon cooling from
the sintering temperature. This is accompanied by a corresponding contrac-
tion of the single-phase FCC field, indicating a progressive reduction in the
temperature range over which the Cu-rich FCC solid solution remains the sole
equilibrium phase. Consequently, the thermodynamic stability range of the
intermetallic phases expands during cooling from the sintering temperature,
indicating an increased tendency for compositional partitioning in the Cu-
Ni—Sn system. However, the two aforementioned thermodynamic repercus-
sions evolve concurrently in opposite directions. While increasing Sn content
progressively lowers the solidus temperature, excessive Sn addition simultane-
ously promotes greater equilibrium stability of intermetallic compounds and
reduces the thermodynamic stability range of the FCC matrix. The phase
fraction diagram depicted in Fig. 4 clearly supports this trend, demonstrating
that up to 3 wt% Sn addition, Cu rich FCC phase remains the dominant equi-
librium phase, where only a limited phase fraction of secondary intermetallic
phase is predicted to exist. As soon as the Sn content reached 4 wt%, the
equilibrium fraction of intermetallic phase significantly increases to > 0.1
along with a noticeable reduction in the FCC phase fraction [Fig. 4(e)]. The
increasing thermodynamic stability of secondary intermetallic phase with in-
creasing Sn content is expected to promote greater partitioning of solute el-
ements from the Cu-rich matrix (particularly in Cu-Ni-Sn alloys containing
>3 wt% Sn), resulting in enhanced compositional heterogeneity and a higher

volume fraction of solute enriched intermetallic constituents upon cooling.
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Such microstructural heterogeneity may also influence the mass-transport
mechanisms and densification kinetics operative during sintering, thereby im-
peding pore elimination and limiting the extent of densification. Therefore,
although increasing the Sn content provides more favourable thermodynamic
conditions for diffusional mass transport, the accompanying increase in ele-
mental partitioning resulting from secondary intermetallic phase formation
is likely to offset these beneficial effects. Overall, the thermodynamic pre-
dictions indicate that Sn additions up to 3 wt% favour an FCC-dominated
phase evolution with only a limited tendency for secondary-phase forma-
tion, while avoiding a compositional regime where excessive intermetallic
phase formation significantly undermines the stability of the FCC matrix.
This phase-stability condition is expected to promote diffusion-assisted neck
growth and pore shrinkage while retaining FCC matrix continuity, thereby
contributing to a more uniform microstructure and enhanced densification.
Here, it is important to mention that the CALPHAD calculations presented
here are based on the assumption of thermodynamic equilibrium, and were
intended to assess the influence of composition on thermodynamic stability
and phase transformation behaviour, rather than to predict the exact phase
fractions in sintered Cu—Ni—Sn alloys. Moreover, the kinetic effects associ-
ated with finite diffusion rates and other non-equilibrium phenomena during
sintering are not explicitly considered in the present calculations. Therefore,
the computed phase equilibria describe the thermodynamically stable end

state of the alloy under investigation. While kinetic approaches, including
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Scheil-Gulliver and DICTRA simulations, could provide further insight into
these non-equilibrium phenomena, they are beyond the scope of the present
investigation. Future studies incorporating kinetic simulations may provide
additional insight into the evolution of non-equilibrium phase transforma-
tions during PM processing. The subsequent experimental investigations
are presented to elucidate how these equilibrium thermodynamic predictions
are manifested during practical PM processing conditions and influence the
resulting microstructural evolution and properties.

Table 2: Nomenclature of the phases present in the phase diagrams.

Phase label Actual phase name Cu Ni Sn Cu Ni Sn
(wt%) (wt%) (wt%) (at%) (at%) (at%)

CUSN_GAMMA High-temperature 30.9 304 38.6 36.5 39.0 24.5
~-(Cu,Ni)3Sn

FCC_L12 Cu-rich FCC solid 93.0 3.3 3.7 94.4 3.6 2.0
solution

FCC_L12#2 Ni-rich FCC solid 0.3 99.7 0 0.28 99.72 0
solution

AG3SN_L60 Low-temperature 124 477 399 14.5 60.5 25.0
(Ni,Cu)sSn

CU3SN Low-temperature 40.9 20.1 39.0 49.0 26.0 25.0
(Cu,Ni)3Sn

3.2. Densification behaviour

Effect of varying composition on the relative sintered density (% theo-
retical) of PM processed Cu-Ni-Sn alloys is illustrated in Fig. 5(a). It is
evident that increase in Sn content leads to increase in the sintered density
of the alloy. Among all the sintered samples, the Cu—4Ni-3Sn alloy exhibits

the highest sintered density of ~91%, which is almost 11% more than that
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of Cu-4Ni alloy. Such variations in sintered density can be rationalized by
evaluating the extent of densification achieved after sintering. The sintered
density of an alloy is influenced by both the shrinkage occurring during sin-
tering and its green density. Consequently, the relative sintered density lacks
the ability to accurately represent the volumetric reduction that occurs dur-
ing the sintering process.

To facilitate the comparison of sintering shrinkage across various compo-
sitions, an additional parameter known as densification parameter (DP) has

been calculated. The following formula was employed to determine DP [21]:

Sintered Density — Green Densit
Densification Parameter = Y Y

(3)

Theoretical Density — Green Density

The definition of DP takes into account the impact of green density. As a
result, it serves as a more reliable parameter for quantifying sintering-induced
volumetric changes and in turn determining the extent of densification and
the underlying reasons for variations in the sintered relative density. A pos-
itive value of DP implies shrinkage whereas a negative value signifies expan-
sion. The densification parameter graph of the sintered samples is shown
in Fig. 5(b). Bars above the red reference line represent alloy compositions
that promote sintering, whereas bars below the line indicate alloy composi-
tions that inhibit sintering. It is evident that the incorporation of Sn up to

a certain extent enhances the densification behaviour of Cu—Ni—Sn alloys by
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promoting maximum shrinkage during sintering. In particular, the addition
of 3 wt% Sn yields the most pronounced densification enhancement, as evi-
dent from the highest DP value. As a result, Cu-4Ni-3Sn alloy attains the
highest sintered density among the investigated compositions. Collectively,
the obtained results demonstrate that Sn addition plays a crucial role in

governing the densification behaviour of PM processed Cu-Ni—Sn alloys.
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Figure 5: Variation of (a) sintered density; and (b) densification parameter with alloy
composition.

3.3. Microstructure

Fig. 6 shows the X-ray diffraction (XRD) patterns of the PM processed
samples, indicating that the phase constitution of sintered Cu-Ni-Sn alloys
is dominated by a face-centred cubic (FCC) Cu (Ni, Sn) solid solution. Ad-
ditionally, the XRD pattern of the Cu-4Ni-4Sn alloy indicates a microstruc-
ture predominantly consisting of an FCC Cu (Ni, Sn) solid solution, together
with a minor Cu;pSns-type intermetallic phase, as evidenced by the appear-

ance of additional minor diffraction peak at approximately 46.5°. The minor

18



peak observed here coincides with a characteristic diffraction peak of the
(-CuyoSns phase reported in the literature [22], and can be associated with
a Ni-stabilized CujgSns-type intermetallic phase. These findings align also
with the thermodynamic predictions (Figs. 3 and 4), which indicate a broad
stability range of the Cu-rich FCC solid solution for the investigated alloy
compositions containing < 3 wt% Sn. SEM micrograph and corresponding
EDS map of the sintered Cu—4Ni alloy (Fig. 7) shows a porous microstruc-
ture with heterogenous distribution of elemental constituents, which can be
primarily attributed to the limited diffusion of Ni across the Cu matrix dur-
ing solid state sintering. The existence of considerable porosity within the

microstructure correlates with the comparatively lower sintered density of

the Cu-4Ni alloy.
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Figure 6: XRD patterns of the sintered Cu—Ni—Sn alloys.
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Figure 7: (a) BSE SEM image (magnification: 500 x); and (b) EDS map of the sintered
Cu—4Ni alloy.

The observed microstructure in the Cu—-4Ni alloy can potentially be as-
cribed to the synergistic effects of diffusion asymmetry and vacancy evolution.
The Cu—Ni system exhibits pronounced asymmetry in intrinsic diffusion be-
haviour, with substantially different diffusivities of Ni in Cu-rich regions and
Cu in Ni-rich regions, which can contribute to a significant imbalance in
atomic fluxes during interdiffusion [23|. This atomic flux imbalance can lead
to generation of excess vacancies, resulting in a localized supersaturation of
vacancies in areas where their formation surpasses annihilation at sinks such
as particle surfaces, grain boundaries and other defects. In addition, the
relatively weak vacancy-binding tendency of Ni [24], together with limited

compensatory back-diffusion, may also hinder the effective annihilation of
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these surplus vacancies. This implies that the surplus vacancies can progres-
sively accumulate and cluster as the sintering process progresses, ultimately
coalescing to form pores. With increase in temperature and passage of time,
these pores tend to coalesce and coarsen so as to reduce the total surface
free energy of the system, resulting in the porous microstructure observed in
Cu-4Ni alloy.

On the contrary, the microstructural characteristics and elemental distri-
bution in the Cu-4Ni-3Sn alloy (Fig. 8) specimen are markedly different from
those in the Cu-4Ni alloy specimen. The SEM image and EDS mapping of
the Cu—-4Ni-3Sn alloy demonstrates a microstructure characterized by signifi-
cant reduction in porosity and a more uniform distribution of solute elements
throughout the Cu matrix. The decreased porosity observed in the Cu-4Ni-
3Sn alloy is reflected in its higher sintered density, signifying a more effective
densification process, which can be ascribed to the beneficial influence of Sn
in pore elimination. Sn is known to exhibit a strong positive vacancy bind-
ing energy in Cu, promoting the formation of solute-vacancy complexes and
altering vacancy distribution in a manner that facilitates vacancy-assisted
pore shrinkage [24]. While vacancies are transported within the lattice, pore
evolution is governed by the balance between vacancy creation and annihila-
tion. In the absence of Sn, the surplus vacancies created owing to diffusion
asymmetry may accumulate and coalesce leading to pore formation and sub-
sequent pore growth. However, the inclusion of Sn is likely to affect this

behaviour due to strong Sn-vacancy interactions that might reduce vacancy
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clustering and facilitate vacancy annihilation at available sinks. In addition,
the significantly higher intrinsic and interdiffusion coefficients of Sn relative to
Ni are expected to facilitate diffusion-controlled mass transport, thereby pro-
moting interparticle neck formation and pore reduction during sintering [25].
Consequently, the significantly improved densification and microstructural
homogeneity observed in Cu—4Ni—-3Sn alloy in comparison to the Cu—4Ni al-
loy can be attributed to the Sn induced enhancement of diffusion-controlled
mass transport, coupled with expected promotion of vacancy annihilation re-
sulting from the strong Sn-vacancy binding energy in Cu, thereby facilitating

more effective pore elimination.

Figure 8: (a) BSE SEM image (magnification: 500 x); and (b) EDS map of the sintered
Cu—4Ni—3Sn alloy.
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Meanwhile, the high-resolution BSE-SEM images displayed in Fig. 9 (ac-
quired at magnifications ranging from 8000 x to 10,000 x) reveal the exis-
tence of an intermetallic phase in both the Cu—4Ni-3Sn and Cu—4Ni—4Sn al-
loys. This intermetallic phase is present as discrete precipitates (bright white
regions) embedded within the Cu-rich matrix (dark-grey regions). The pre-
cipitates are comparatively sparse and finer in the Cu-4Ni-3Sn alloy [Fig. 9(a,
c)|, whereas the Cu—4Ni—4Sn alloy exhibits a noticeably higher precipitate
fraction and comparatively larger precipitates [Fig. 9(b, d)]. The increase in
precipitate fraction with increasing Sn content from 3 to 4 wt% Sn aligns
with the phase-fraction evolution predicted by CALPHAD (Fig. 4), which
indicates a pronounced increase in secondary intermetallic phase formation
when Sn content reaches 4 wt% Sn.

The relatively low precipitate fraction and finer size in Cu—4Ni-3Sn alloy
result in a limited diffracting volume and consequently weak diffraction in-
tensity, such that no discernible intermetallic phase peak is observed in the
XRD pattern. In contrast, the greater precipitate fraction and coarser mor-
phology in Cu-4Ni-4Sn alloy provide a larger effective diffracting volume,
enabling a distinct intermetallic phase peak to be detected. Furthermore,
the EDS line-scan profiles and point-compositional analysis, with the latter
presented as bar graphs in Fig. 9(e-h), indicate that precipitates are enriched
in Sn and Ni relative to the surrounding Cu-rich matrix. With increasing
Sn content from 3 to 4 wt%, the Cu, Ni, and Sn concentrations exhibit

higher standard deviations in both the matrix and precipitates, indicating
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increased local compositional heterogeneity [Fig. 9(g, h)]. Notably, the inter-
metallic phase identified from the XRD pattern corresponds to a Ni-stabilized
CujoSns-type intermetallic, and the EDS point compositional analyses like-
wise reveal substantial Ni incorporation within the corresponding precipitate
regions. The precipitates in Cu-4Ni-3Sn alloy exhibit an average composi-
tion of approximately 39 at% Cu, 34 at% Ni, and 27 at% Sn, whereas those
in Cu-4Ni—4Sn comprise approximately 38 at% Cu, 36 at% Ni, and 26 at%
Sn. The corresponding (Cu+Ni)/Sn atomic ratios of approximately 2.70 and
2.85, respectively, approach the 3:1 stoichiometric relationship characteris-
tic of (Cu,Ni)3Sn-type intermetallic phase. In this regard, the experimen-
tally determined precipitate compositions exhibit closer compositional corre-
spondence with the high-temperature -(Cu,Ni)3Sn phase predicted by the
present Thermo-Calc calculations (Table 2) than with the idealized binary
CuypSn3 composition. The apparent coexistence of a CuygSns-type struc-
tural identity with a nearly 3:1 (Cu+Ni)/Sn stoichiometry is not inherently
unusual; rather it indicates that the Cu;gSnsz-type phase identified from the
XRD pattern accommodates substantial substitution of Ni for Cu within
the intermetallic framework. The noticeable presence of Ni within the cor-
responding precipitate regions is consistent with the reported ability of Ni
to substitute for Cu and stabilize Cu;oSns-type intermetallic phase in the

Cu-Ni-Sn system [22]. Experimental phase-equilibrium studies have also
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demonstrated significant substitution of Ni for Cu in Cu-Sn-based inter-
metallic phases, resulting in considerable compositional flexibility while re-
taining the underlying intermetallic structural framework |26, 27]. Such sub-
stitution is facilitated by their similar crystal structures and atomic size com-
patibility and their ability to occupy equivalent substitutional sites within
the intermetallic framework. Taken together, the XRD phase identification,
EDS compositional characteristics and CALPHAD predictions indicate that
the experimentally observed secondary phase can be most appropriately de-
scribed as a Ni-containing Cu—Sn intermetallic phase exhibiting Cu;oSns-type
diffraction characteristics and substantial Cu/Ni substitution, rather than
being interpreted as an ideally stoichiometric Cu;oSns phase.

Moreover, the difference between the experimentally measured precip-
itate compositions and the corresponding equilibrium phase compositions
predicted by Thermo-Calc (Table 2) arises from the fundamentally different
nature of the two approaches. The CALPHAD calculations describe the equi-
librium phase composition under the specified thermodynamic conditions in
contrast to the non-equilibrium conditions prevailing during powder metal-
lurgical processing. Furthermore, sintering involves finite diffusion distances
and times which may limit complete elemental redistribution and homoge-
nization and thereby produce microscale compositional variations within and
among individual precipitates. Also, EDS measurements provide the local

elemental composition of the specific precipitate regions sampled within the
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microstructure of the sintered alloy. Accordingly, the experimentally mea-
sured composition should be regarded as the local composition of the anal-
ysed precipitate region rather than as a unique stoichiometric composition of
the phase. The present interpretation is confined to correlations supported by
the phase constitution and local compositional data obtained in this study. A
definitive and comprehensive characterization of the crystallographic struc-
ture and atomic scale chemical distribution of the Ni-containing intermetallic
phase is beyond the scope of the present work, which focuses on elucidating
the influence of compositional variation on the resulting properties of the
sintered Cu—Ni—Sn alloys. Future studies employing transmission electron
microscopy (TEM), complemented by selected-area electron diffraction and
nanoscale chemical analysis, would be valuable for further elucidating the
detailed crystal structure, compositional homogeneity, morphology, and pos-

sible compositional gradients of this intermetallic phase.

3.4. Hardness and electrical conductivity

Fig. 10 illustrates the effect of Sn content on the hardness and electri-
cal conductivity of the sintered Cu—Ni—Sn alloys. The progressive increase
in hardness with Sn addition is attributed to enhanced densification. This
trend is consistent with the hardness—porosity relationship (Eq. (4)), which
indicates that increasing relative density (R) leads to higher hardness due to

reduced pore fraction [28].

27



HY R:-R?
mo1-R @

where, Hy and Hp represent the hardness of fully dense and partly dense
material, respectively. R is the relative density and R, is a constant having

a value of ~0.8 for metals.

[ || Hardness i

80 [ - & - Electrical Conductivity T +
118 &
70 E‘* -]
— % T <
€2 F “~._‘E = =
= @
; 60 |- {17
= 3 Ry 2
2 50 f J =
= B b
= S 416 2
5 40 - R E
o] | x =)
¢ =
2 BT g 415 §
= B g
I 2 b
>~ 20 '!r 2
i =

0 1 1 | 1 1

Cu-4Ni Cu-4Ni-1Sn  Cu-4Ni-2Sn  Cu-4Ni-3Sn Cu-4Ni-4Sn
Composition

Figure 10: Variation of hardness and electrical conductivity with composition.

Simultaneously, Sn addition has also been reported to enhance hardness
through solid-solution strengthening [13], which constitutes an important
contribution to the overall increase in hardness. However, increase in hard-
ness beyond 3 wt% Sn addition is marginal owing to reduced density in
Cu-4Ni-4Sn alloy. In contrast, the electrical conductivity shows a decreas-

ing trend with increasing Sn addition, with a significant reduction occurring
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at 4 wt% Sn. The variation in electrical conductivity of the Cu—Ni-Sn al-
loys can be understood by correlating the resistivity with the densification
and microstructural evolution. The resistivity of a multicomponent alloy is
influenced by various factors including electrical resistance of porosity, va-
cancies, grain boundaries, solute atoms and precipitates [5]. The reduction
in sintered density observed for the Cu—4Ni—4Sn alloy results in a higher
porosity content and consequently increases pore-related electron scattering,
thereby contributing to the reduction in electrical conductivity. In addition,
the concentration of Ni and Sn retained in solid solution within the Cu-matrix
contributes to electron scattering. The corresponding increase in resistivity

due to solute scattering (AR;) can be expressed as follows [29]:

ARy = anicni + asnCsn (5)

where ay; and ag, are the respective resistivity concentration coefficients
of Ni and Sn, and cy; and cg,, denote their concentrations retained in solid
solution within the Cu-rich matrix. The higher concentrations of Ni and Sn
dissolved in the Cu-rich matrix of the Cu-4Ni-4Sn alloy [Fig. 9(g)| intro-
duce greater local lattice distortion, which enhances electron scattering and
thereby increases electrical resistivity, resulting in a corresponding reduc-
tion in electrical conductivity. The formation of secondary phases provides
an additional contribution to the reduction in electrical conductivity by in-

troducing regions of higher electrical resistivity within the Cu-rich matrix.
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Within an effective-medium description, the increase in resistivity caused by
precipitate scattering, AR, can be represented using the Maxwell-Garnett

relationship [30, 31]:

Rphase + 2RO + 2f (Rphase - RO)

AR, =
P Rphase + 2RO - 2f (Rphase - RO)

(6)

where Rphase 1S the resistivity of the secondary phase, Ry is the resistivity
of the Cu-rich matrix, and f is the volume fraction of the secondary phase.
The thermodynamic calculations and microstructural observations presented
in Fig. 4 and Fig. 9 indicate the formation of secondary phases, with their
presence being more pronounced in the Cu—4Ni—4Sn alloy. Since these in-
termetallic phases possess substantially higher electrical resistivity than the
Cu-rich matrix [30], their formation can significantly impede electron trans-
port and consequently contribute to the reduction in electrical conductivity.
Thus, the pronounced decrease in electrical conductivity at 4 wt% Sn ad-
dition in the Cu-Ni-Sn alloys can be attributed to the combined effects of
increased secondary intermetallic phase formation, greater residual porosity
and a higher concentration of Ni and Sn retained in the Cu-rich solid solu-
tion. These microstructural and compositional features collectively intensify

electron scattering and thereby reduce the electrical conductivity of the alloy.
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3.5. Compression response

The compressive stress—strain curves of the sintered Cu—Ni—Sn alloys pre-
sented in Fig. 11(a) exhibit a progressive increase in flow stress with increas-
ing strain beyond yielding, indicative of sustained plastic deformation ac-
companied by pronounced work hardening. A distinct difference is observed
in the nature of the elastic—plastic transition between the investigated com-
positions. The Cu—4Ni compact exhibits a relatively diffuse transition from
elastic to plastic deformation, whereas the Cu—4Ni—3Sn alloy displays a more
clearly defined yield point together with a higher compressive yield strength.
The observed contrasting elastic—plastic transition in the sintered compacts
may be interpreted in terms of the deformation behaviour of the sintered
porous compacts. Green’s plasticity theory for porous solids establishes that
the yielding of a porous material is governed by both the deviatoric and hy-
drostatic components of the internal stress, with the yield surface contracting
as the pore volume fraction increases [32]. Thus, in a porous sintered struc-
ture, the pores modify the local stress state, causing different microscopic
regions to attain their local yield conditions at different levels of macroscopic
stress owing to the spatial heterogeneity in pore size, morphology, and dis-
tribution.

At the microscale, local plastic “pockets” can initially form in the vicin-
ity of pores, where they partially blunt the local stress concentrations and
remain confined within the surrounding elastic field [33]. With continued

deformation, these plastic regions progressively expand and interact until
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Figure 11: (a) Stress—strain curves under compressive loading; and (b) yield strength
comparison of the sintered Cu-Ni-Sn alloys.

plasticity becomes sufficiently widespread for macroscopic yielding to be es-
tablished. Consequently, yielding in a porous compact occurs progressively
over a finite stress interval rather than initiating simultaneously across all
regions of the material. This mechanism is particularly relevant to the rela-
tively more porous Cu—4Ni compact, where the greater residual porosity and
its spatial heterogeneity, together with the comparatively lower degree of sin-
tering as reflected by its negative value of densification parameter [Fig. 5(b)],
are associated with less-developed interparticle necks and a less continuous
metallic load-bearing network. This microstructural condition can facilitate
the distributed activation of local plastic deformation over a broader range
of macroscopic stress, thereby contributing to the observed diffuse elastic—
plastic transition. In contrast, the substantially higher densification and
lower residual porosity of the Cu—4Ni-3Sn compact indicate a more contin-

uous and effectively consolidated metallic skeleton. The higher degree of
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densification is indicative of more extensive interparticle bonding and asso-
ciated neck development during sintering, which reduces the extent of inter-
connected pore space and promotes a more continuous load-bearing network.
Consequently, the development of pore-mediated local plasticity is expected
to be less extensive, allowing widespread plastic flow to be established over
a comparatively narrower stress interval and giving rise to the more clearly
defined yield transition observed for Cu—4Ni-3Sn alloy. Moreover, the more
than two-fold increase in compressive yield strength of the Cu-4Ni-3Sn alloy
relative to the Cu—4Ni alloy, as shown in Fig. 11(b), can, from a comparative
perspective, be primarily associated with the higher relative sintered density
of the former and the strengthening effects associated with the incorpora-
tion of Sn. Increased densification has been reported to enhance the effec-
tive load-bearing fraction of sintered compacts while mitigating pore-induced
stress concentrations and strain localization, thereby increasing their resis-
tance to plastic deformation [34, 35]. Accordingly, the role of densification in
the present study is considered primarily in relation to its contribution to the
difference in macroscopic yield strength between the two alloys. In contrast,
the strengthening effects associated with Sn incorporation are specific to the
Cu—4Ni-3Sn alloy and can be subsequently resolved into their individual
contributions. Consequently, the subsequent section delves into the sintering
characteristics that contribute to the improved densification observed in the
Cu-4Ni-3Sn alloy, as well as the strengthening mechanisms that govern its

yield strength.
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4. Discussion

4.1. Sintering characteristics

To identify the mechanism responsible for the improved densification re-
sponse of the Cu—4Ni-3Sn alloy relative to the Cu—4Ni alloy, thermal response
of the sintered compacts during heating was studied by employing differen-
tial scanning calorimetry (DSC). Fig. 12 illustrates a distinct difference in
the thermal behaviour of the Cu—4Ni and Cu—4Ni—-3Sn alloys, indicating that
the sintering mechanism differs substantially in the investigated alloys. The
Cu—4Ni alloy exhibited a continuous increase in heat flow without any notice-
able thermal phenomenon, implying that no melting or phase transformation
occurs during the initial heating phase. Thus Cu—4Ni alloy sinters entirely
through solid-state sintering, where neck growth and pore elimination are
governed by diffusion-controlled mass transport. On the other hand, Sn can
give rise to liquid phase formation during the initial heating stage owing
to its low melting point (~232 °C). This is evident from the DSC curve of
Cu-4Ni-3Sn alloy [Fig. 12(b)|, which reveals a distinct endothermic peak at
approximately 232 °C, corresponding to the melting of Sn containing regions
during heating.

This observation provides experimental evidence for the formation of a
transient liquid phase which dissolves into the Cu matrix prior to reaching the
sintering temperature. Therefore, the enhanced densification of the Cu—4Ni—
3Sn alloy can be attributed to a two-stage mechanism comprising an initial

transient liquid-assisted particle rearrangement during heating, followed by
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Figure 12: DSC curves of (a) Cu—4Ni and (b) Cu-4Ni-3Sn alloys.

diffusion-controlled solid-state sintering at 900 °C. The transient liquid gen-
erated at particle contacts is expected to facilitate capillary-driven particle
rearrangement and improve interparticle wetting, thereby expediting mass
transport through rapid diffusion and accelerated neck formation. These
beneficial effects provide a plausible basis for the effective pore elimination
during sintering, resulting in higher densification of the Cu-4Ni-3Sn alloy
as compared to the Cu—4Ni alloy. The occurrence of transient liquid-phase-
assisted sintering could potentially be further linked to the solute distribution
in the as-sintered microstructure. Subsequent to the preliminary liquid-phase
formation associated with Sn melting, the resulting liquid progressively in-
teracts with the Cu rich regions, and undergoes dissolution and diffusion
into the matrix as heating continues. With continued thermal exposure, Sn
is expected to progressively redistribute within the Cu-rich matrix, with its

distribution governed by the temperature-dependent solubility of Sn in the
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solid solution and the local chemical composition. Where localized Sn en-
richment results in concentrations exceeding the equilibrium solubility of Sn
in Cu, the supersaturated regions may facilitate the nucleation and growth
of Sn-containing intermetallic phases.

The high-magnification BSE SEM image and the corresponding EDS
maps presented in Fig. 13 provide additional microstructural evidence of
the ensuing Sn redistribution, revealing the localized compositional varia-
tions developed during the subsequent stages of sintering. In particular, the
matrix exhibits a predominantly uniform distribution of Cu, while localized
Sn enrichment can be observed in regions adjacent to or surrounding the
pores. This localized enrichment of Sn observed in the vicinity of the pores
is consistent with the transient liquid phase sintering behaviour of the Cu—Sn
system reported in the literature [36, 37]. Since the transient liquid exists
only during the initial stage of the thermal cycle and subsequently undergoes
dissolution, diffusion, and phase evolution, it is not expected to be retained
as a distinct feature in the final as-sintered microstructure. Therefore, the
DSC evidence of Sn melting, together with the high-magnification BSE SEM
image and corresponding elemental distribution mapping, provides converg-
ing experimental evidence in support of the proposed transient liquid-phase
assisted sintering mechanism.

In addition, an increased fraction of liquid phase at early stages may lead

to pore isolation and possible gas entrapment, thereby adversely affecting
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Figure 13: High magnification (12,000 x) BSE-SEM image and corresponding elemental
distribution map of Cu—4Ni-3Sn alloy.

the densification. As a result, with increased Sn addition (4 wt %), the den-
sification behaviour is adversely affected, as evidenced by the reduction in
sintered density [Fig. 5(a)|] and the corresponding increase in porosity, ac-
companied by the formation of comparatively large and interconnected pores
[Fig. 9(b, d)]. Such behaviour aligns with classical liquid-phase sintering
theory as reported in previous works [38, 39| wherein excessive liquid for-
mation can hinder pore elimination and lead to density stagnation or even
degradation. The observed densification enhancement up to 3 wt% Sn addi-
tion is therefore attributed to the formation of an optimum liquid fraction
that maximizes the beneficial effects of transient liquid-phase assisted sinter-
ing without introducing the adverse consequences associated with excessive

liquid formation.

37



4.2. Strengthening mechanisms

4.2.1. Grain boundary strengthening

Grain boundaries serve as effective barriers to dislocation motion by ob-
structing the free glide of dislocations across adjacent grains. This obstruc-
tion impedes dislocation motion and hence increases the resistance of material
to plastic deformation and thus contributes significantly to the strength en-
hancement. The density of grain boundaries, which is intrinsically governed
by the grain size, further dictates the extent of this strengthening effect which
can be quantitatively described by the Hall-Petch equation [40| represented

as follows:

kn
Ogbs = ﬁ (7)

where kj, is a constant. d is the average grain size of the sintered Cu—
4Ni-3Sn alloy. The IPF maps and grain size distribution plots shown in
Fig. 14 illustrate the pronounced influence of Sn addition on the grain struc-
ture. Specifically, the average grain size reduced from approximately 18.05
pm in the Cu—-4Ni alloy to approximately 9.66 pym in the Cu-4Ni-3Sn al-
loy, signifying a noteworthy grain refinement effect. According to Eq. (7),
the grain boundary strengthening contribution in the Cu-4Ni-3Sn alloy is

approximately 48.26 MPa.
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Figure 14: (a, b) Representative inverse pole figure (IPF) maps and (c, d) corresponding
grain-size distributions of the Cu—4Ni and Cu-4Ni-3Sn alloys, respectively.

4.2.2. Precipitation strengthening

Since the size of the formed precipitates lies in the micrometer range, the
Orowan strengthening mechanism, also referred to as dislocation bypassing,
is considered the predominant strengthening mode. This mechanism can be

described using the following equations [41, 42]:

) 1 2Tm
Oorowan = 0.AMG In ( i ) (8)
m™1l—v A
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T = \/gr 9)
Ap = 27, (\/% — 1> (10)

In this formulation, M, GG, v and b denote the Taylor factor, shear modu-
lus, Poisson’s ratio and Burgers vector respectively, while 7, represents mean
radius of a circular cross-section in a random plane for a spherical precipitate
and r denotes the average precipitate radius. The term A, corresponds to the
inter-precipitate spacing, and f represents the volume fraction of precipitates
present in the microstructure. By carrying out image analysis of the high-
magnification BSE-SEM images of the Cu-4Ni-3Sn alloy, the average equiv-
alent circular diameter of the precipitates was found to be approximately 0.6
pm, and the corresponding area fraction, which by the principle of Delesse
[43] serves as an unbiased stereological estimator of the volume fraction for
randomly distributed second-phase particles, was determined to be ~0.02
(2%). Thus, the total precipitation strengthening contribution (calculated

using Egs. (8)—(10)) was estimated to be ~ 16.17 MPa.

4.2.83. Dislocation strengthening
The Bailey—Hirsch formula (Eq. (11)) is typically used to determine the

contribution of dislocation strengthening to the alloy strength [44, 45].

g4 = aGb\/p (11)
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In this expression, a denotes a constant, with a value of 0.3 for cop-
per. p represents the dislocation density, which can be estimated using the

subsequent equation [46].

52

p= 16.1b2

(12)

where ¢ represents micro strain, which can be calculated from the XRD

pattern of the sample by using the following relationship [47].

kA
50088:7+4asin6 (13)

Here, 5 denotes the full width at half maximum (FWHM) of the diffrac-
tion peak, A represents the wavelength of Cu Ko radiation (0.154 nm), k
is the Scherrer constant with an approximate value of 0.9, 6 corresponds to
the Bragg diffraction angle, and d indicates the crystallite size. Based on
Egs. (11)—(13), the dislocation strengthening contribution to the strength
of the Cu-4Ni-3Sn alloy was estimated to be 25.28 MPa. The parameters

utilised to calculate different strengthening contributions are listed in Table 3.

Table 3: Parameters employed for strengthening mechanisms calculations.

Parameter Description Units  Value Reference
b Burgers vector of Cu nm 0.256 [48]
G Shear modulus of Cu  GPa 45.5 [49]
M Taylor factor — 3.06 [7]
e Geometric constant - 0.3 [7]
v Poisson’s ratio - 0.324 [50]

kn Hall-Petch constant MPam!/2  0.15 [51]
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4.2.4. Solid solution strengthening
The yield strength increment caused by solid solution strengthening can

be expressed as per Eq. (14) [52].

e () .

where n is a constant taken to be 1/2; ¢; denotes the concentration of so-
lute ¢, and k; represents the strengthening constant for solute i. Because the
solid-solution strengthening coefficient (k;) has not been conclusively estab-
lished for the solute lean Cu—Ni—Sn alloys in the available literature, direct
calculation of the solid-solution strengthening contribution using empirical
models is subject to considerable uncertainty. As a result, an indirect ap-
proach was adopted which was rooted in the additive nature of strengthen-
ing mechanisms, where the experimentally determined yield strength can be
represented in the following form as the cumulative contribution of various

strengthening mechanisms:

Oy = 00 + Ogbs T Oss + Oorowan + 04 (15>

where, o, is the compressive yield strength, whose experimental value was
determined to be ~ 141 MPa [Fig. 11(b)|, while oy represents the friction
stress of copper alloy. In the present analysis, og was taken as 20 MPa, based
on the value reported in the literature [53]. The term o, denotes the contri-

bution in yield strength arising from grain boundary strengthening, while o,
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Oorowan ad o4 correspond to the strength contribution resulting from solid-
solution strengthening, precipitation strengthening and dislocation strength-
ening, respectively. The contribution of solid-solution strengthening was de-
termined by calculating the remainder after deducting the contributions of
all other strengthening mechanisms from the experimental yield strength.
Thus, the total solid-solution strengthening contribution was estimated to
be 31.29 MPa. The solid-solution strengthening response of Cu—Ni—Sn alloys
is governed by the interaction between solute atoms and the Cu lattice, which
depends primarily on the difference in the atomic radius and the shear mod-
ulus between the solute atoms and Cu matrix [54]. The significant disparity
in atomic radii between Sn and Cu can lead to a greater lattice distortion,
which would amplify the lattice friction of interstitial atoms [55|, resulting in
impeding dislocation movement and strengthening the alloy. On the other
hand, the contribution of Ni to solid-solution strengthening is expected to be
relatively limited, since the atomic radius of Ni is close to that of Cu [13].
The estimated solid-solution strengthening contribution to yield strength
should be interpreted as the cumulative effect of the alloying elements rather
than an individual contribution from Ni and Sn, with the contribution from
Sn expected to be more pronounced. Moreover, it is evident from the per-
centage contribution (Fig. 15), the dominant strengthening contributions in
the Cu-4Ni-3Sn alloy arise from grain boundary strengthening and solid
solution strengthening. The synergistic influence of these two mechanisms

plays a crucial role in strength enhancement of the sintered alloy.
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strengthening.

5. Conclusions

The principal conclusions of this study are summarized as follows:

1. CALPHAD calculations successfully delineated the phase-stability win-
dow, predicting that compositions up to 3 wt% Sn content are predom-
inantly composed of Cu-rich FCC phase, with only a limited fraction
of secondary intermetallic phase.

2. The thermodynamic predictions are in close agreement with the exper-
imental findings which indicated that addition of 3 wt% Sn results in
the formation of a microstructure dominated by the Cu-rich FCC ma-
trix, accompanied by a limited amount of solute-enriched intermetallic
phase in the sintered alloy.

3. Meanwhile, an increase in the concentration of Sn up to 3 wt%, resulted
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in a remarkable increase in sintered density, hardness and compressive
yield strength as compared to the Cu-4Ni alloy, which was mainly
attributed to reduction in porosity, grain refinement and solid-solution
strengthening.

4. Increasing the Sn concentration to 4 wt% induced a thermodynamic
transition towards dual-phase stability, which was experimentally ac-
companied by inhibited densification and a marked deterioration in
electrical conductivity, which was attributed to enhanced compositional
partitioning and intermetallic phase formation.

5. Overall, this work establishes a composition—microstructure—property
correlation identifying Cu-4Ni-3Sn alloy as a promising solute-lean
composition for achieving a favourable combination of densification,

strength and electrical conductivity.
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