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Abstract

This work investigates the effects of additive elements on the microstructural evolution,
thermal transformation, morphological and magnetic properties of Ni-Si-rich (Ni80Si20)95M5
(M = Al, Cu, Zr) ternary alloys. The alloys were manufactured by conventional solidifica-
tion using an arc-melting system under a vacuum atmosphere. Systematic characterizations
were carried out through a combined study of X-ray diffraction (XRD), differential ther-
mal analysis (DTA), differential scanning calorimetry (DSC), scanning electron microscopy
with energy-dispersive X-ray spectroscopy (SEM-EDX), Vickers micro-hardness tester, and
vibrating sample magnetometry (VSM). XRD analysis detected the presence of β1-Ni3Si and
γ-Ni31Si12 phases, revealing variations in peak intensities and crystallite sizes among the al-
loys, influenced by the third alloying element.
Both the XRD and SEM-EDX results confirm that the alloys consist of the intermetallic

phases and exhibit compositional homogeneity, with measured values closely matching the
nominal compositions. DSC indicated thermal stability between 60–680◦C for all alloys, while
DTA traces displayed single or double endothermic peaks between 1074 and 1197◦C. Vickers
micro-hardness measurements revealed distinct differences among the (Ni80Si20)95M5 alloys,
with values of 613.4, 823, and 882.4 HV for M = Al, Cu, and Zr, respectively, highlighting
the strengthening effect of the alloying elements. Magnetic properties such as the remanent
magnetization (Mr) and the coercive field (Hc) were calculated from the hysteresis loops, and
the results are thoroughly discussed. This work provides meaningful insights for designing,
improving, and controlling the parameters of the new Ni-Si-rich ternary alloys with desired
properties.

K e y w o r d s: arc melting, Ni-Si based alloys, ternary alloys, microstructure, magnetic prop-
erties, minor alloying

1. Introduction

Metals are indispensable constituents of many
commercial and conventional alloys with their unique
combinations of mechanical, microstructural, mag-
netic, and thermophysical properties [1, 2]. In par-
ticular, nickel-based alloys are fundamental to high-
temperature components like turbine blades, turbine
disks, and rocket engines in aviation and electric in-
dustries [3], while also serving as structural materials
in nuclear reactors [4–8]. Additionally, these alloys find
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application areas in dentistry [9, 10] and the petro-
chemical industries [11]. Therefore, in recent years,
Ni-based alloys have been the focus of intense re-
search efforts to exploit their characteristic proper-
ties. Suryanarayana et al. synthesized NiSi and NiSi2
compounds using mechanical alloying (MA) and re-
ported that formation of a homogeneous NiSi2 phase
could be obtained only when the initial Si content
was at least about 75 % [12]. Omuro and Miura also
investigated Ni-Si powder blends and successfully ob-
tained Ni31Si12 (γ) and Ni2Si phases in the amorphous
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state with the help of high-energy ball milling using a
revolution-steplike-decreasing (RSD) mode [13]. Elec-
trochemical characteristics of Si-Ni alloy and graphite
composites were studied by M. S. Park et al. using
the arc-melting process. In their study, an increase
in the electronic conductivity of the composite mate-
rials was reported due to NiSi and NiSi2 phases serv-
ing as an inactive buffer matrix [14]. Takasugi et al.
found that the effect of Cr addition on mechanical
and chemical properties of Ni3Si alloys resulted in no-
table enhancements such as significant strengthening
over a wide range of temperatures, large compressive
plastic deformation at temperatures above 900K, im-
proved oxidation resistance in air at 1173 K and cor-
rosion resistance compared to the Ni3Si binary and
the Ni3(Si, Ti) alloys [15]. Boyuk et al. studied Al-
-Si-Ni alloy and reported that Al11.1wt.%Si4.2wt.%Ni
eutectic exhibits finer eutectic structure than the bi-
nary Al-Si eutectic alloy [16]. These findings highlight
the potential of Ni-Si alloys to address key challenges
in energy conversion, transportation, and industrial
processing applications where conventional materials
often fail under extreme conditions.
The influence of microstructural factors, including

phase composition and stability, grain size, grain mor-
phology, and crystallographic texture, is widely ac-
knowledged as a fundamental factor shaping the chem-
ical and physical properties of Ni-Si-rich ternary al-
loys. Therefore, scientists have developed numerous
processing techniques to offer the possibility of signif-
icant breakthroughs in providing better functionality,
reliability, and durability of these materials. One of
the common techniques to enhance or modify prop-
erties of the engineering materials is additional alloy-
ing with different elements. Minor quantities of spe-
cific elements serve as a factor for controlling phase
formation and structural evolution in metallic alloys
by influencing nucleation kinetics and grain bound-
ary interactions [17–22]. In particular, we investigate
three novel alloy systems based on Ni80Si20 with mi-
nor (5 at.%) additions of Al, Cu, and Zr. The selec-
tion of these specific alloying elements was driven by
their potential to refine the grain structure and in-
fluence precipitation behavior, which can significantly
impact microstructure and phase transformations. Ac-
cording to the literature, the use of these elements
in particular alloy systems has yielded the following
specific results. For instance, Zr has been observed
to promote grain refinement [23], leading to strength-
ening through the refined grain structure [24]. Jiang
et al. found that Al exhibits a non-monotonic effect
on grain size, initially increasing and then decreasing
grain size with increasing content [25]. Al also influ-
ences the rate of precipitate formation, increasing pre-
cipitation kinetics and effectively refining the as-cast
alloy structure [26, 27]. Cu additions, on the other
hand, dynamically alter the overall crystallization pro-

cess [28], with minor Cu facilitating nanocrystalliza-
tion in Fe-based amorphous alloys [29] and increasing
the phase transformation temperatures [30]. Although
the individual effects of these elements have been doc-
umented in other systems, their combined influence
in the specific (Ni80Si20)95M5 stoichiometry has never
been investigated. Furthermore, no previous research
has employed the arc melting technique to synthesize
these precise ternary compositions. This represents a
critical knowledge gap. The present work addresses
this gap through the first comprehensive characteriza-
tion of microstructural, thermal, and magnetic prop-
erties of these novel (Ni80Si20)95M5 (M = Al, Cu, Zr)
ternary alloys produced exclusively via arc melting.
Our pioneering findings establish the scientific foun-
dation necessary for designing and optimizing these
previously unexplored Ni-Si-rich ternary systems for
demanding industrial applications where conventional
materials prove inadequate.

2. Experimental details

Alloys with nominal compositions of (Ni80Si20)95
M5 (M = Al, Cu, Zr) were prepared by arc melt-
ing of certain constituent elements with high purity
(> 99.99 pct.) under a vacuum/argon atmosphere.
The arc melting process was carried out in a MAM-1
compact arc melter with a water-cooled electrode
and a copper crucible plate. Before the melting, the
chamber was evacuated to a minimum pressure of
3 × 10−5mbar twice and refilled with argon. The ma-
jor disadvantage of arc-melting is that the lower sec-
tion of the ingots with direct contact with the water-
cooled crucible plate may remain solid. Therefore, in-
gots with a mass of approximately 10 g were flipped
and re-melted five times in order to maintain homo-
geneous composition. Subsequently, the ingots were
formed into button shape and subjected to ambient
temperature for solidification. All compositions in this
paper are given in terms of at.% unless otherwise
stated. The crystallographic structure of the alloys
was determined at room temperature by X-ray diffrac-
tion (XRD) using a Philips X’pert Pro diffractometer
with Cu-Kα (λ = 0.154 nm) radiation generated at
40 kV and 30mA. The diffraction angle is varied in
the 2θ = 20◦–100◦ range with a step size of 0.02◦ and
a count time of 1 s per step. The peak positions and
intensities were compared with the references listed in
the International Center for Diffraction Data (ICDD)
files in order to identify the phases. The thermal prop-
erties of the alloys, including their phase transforma-
tion temperatures, melting behavior, and thermal sta-
bility, were investigated using a combination of differ-
ential scanning calorimetry (DSC, Perkin-Elmer Sap-
phire) and differential thermal analysis (DTA, Perkin-
-Elmer Diamond). While DSC provided detailed in-
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formation within the range of 100–700◦C, at a heat-
ing rate of 10◦Cmin−1 under a constant flow of pu-
rified nitrogen, Perkin-Elmer Diamond DTA analy-
sis focused on the 700–1200◦C region, complement-
ing the DSC data and revealing the alloys’ behavior
at higher temperatures. This combined approach gave
a complete picture of the alloys’ thermal characteris-
tics, enabling identification of phase transitions, pre-
cise determination of melting points, and evaluation
of their overall thermal stability across a broad tem-
perature spectrum. The morphological properties of
the alloys were studied using a scanning electron mi-
croscope (SEM, ZEISS EVO LS10) at an acceleration
voltage of 25 kV, while their chemical compositions
were analyzed through energy-dispersive X-ray spec-
troscopy (EDX). Vickers micro-hardness testing was
chosen for its rapid, minimally destructive, and prac-
tical approach to evaluating surface hardness. Mea-
surements were performed using a Shimadzu HMV-2
tester under a 0.98 N load applied for 10 seconds at
room temperature, with five indentations taken per al-
loy to ensure statistical reliability. Magnetic behavior
of the alloys is investigated under an external mag-
netic field in the range of ± 3 T, at 300K, using a
physical property measurement system (PPMS) with
a vibrating sample magnetometer (VSM) head.

3. Results and discussion

X-ray diffraction (XRD) analysis was conducted on
finely polished samples using Cu Kα radiation (λ =
1.5406 Å) at room temperature to determine the crys-
tal structures of constituent phases. Resulting diffrac-
tion patterns were compared to the ICDD reference
database with respect to their peak positions and in-
tensities, as illustrated in Fig. 1. The XRD patterns
of the alloys show diffraction peaks corresponding to
two nickel silicide phases, namely β1-Ni3Si (ICDD-
-PDF # 00-006-0690) and γ-Ni31Si12 (ICDD-PDF #
01-071-0638). These intermetallic compounds with al-
most identical peak positions were carefully differen-
tiated with the help of relative peak intensities, and
no other nickel silicide phases or other crystalline im-
purities were detected. However, it should be noted
that phase identification can be particularly challeng-
ing due to indistinguishable diffraction patterns [31].
For example, Suryanarayana reported that NiSi2 and
Si have crystal structures and lattice parameters very
close to each other [12]. Mullis et al. also echo a similar
comment that both α-Ni and β1-Ni3Si have the same
cubic structure with the lattice constant “a” being
3.5244 and 3.5050 Å, respectively [32, 33]. As depicted
in Fig. 1, the alloys displayed characteristic diffraction
peaks, with the most intense reflection occurring at
2θ = 44.3◦, corresponding to the (111) plane of the
cubic β1-Ni3Si phase (space group: Pm-3m, No. 221).

Fig. 1. X-ray diffraction patterns of the alloys: (a)
(Ni80Si20)95Al5, (b) (Ni80Si20)95Cu5, and (c) (Ni80Si20)95

Zr5.
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Ta b l e 1. Crystallographic parameters of the alloys obtained with two different software packages using the Scherrer
equation

Alloy 2θ111 (◦) HighScore Plus FWHM (◦) OriginPro, Voigt Fit FWHM (◦) d-spacing (Å) D111 (nm)

(Ni80Si20)95Cu5 44.22 0.30 0.33 2.04 28.51
(Ni80Si20)95Al5 44.29 0.25 0.29 2.04 33.10
(Ni80Si20)95Zr5 44.37 0.22 0.28 2.04 36.21

Despite variations in peak intensities due to the pres-
ence of a third element, the (111) reflection near 2θ =
44.3◦ remains the dominant characteristic peak, con-
firming the cubic crystallization symmetry and indi-
cating that the β1-Ni3Si phase predominates in all
samples. This observation suggests that the β1-Ni3Si
phase, linked to the highest-intensity peak at 2θ =
44.3◦, is the most stable phase within our ternary sys-
tem under the studied conditions. There are also XRD
peaks denoting the presence of Al and Cu elements,
yet the peak intensities are very low due to their low
amount, which is hardly detectable considering the
limitations of XRD. In contrast, no distinct peaks as-
sociated with Zr were detected, suggesting that Zr
atoms are either fully dissolved in the Ni-Si matrix or
present in highly dispersed form below the detection
threshold. These observations indicate that the third
alloying elements are either dissolved into the matrix
or finely distributed along the grain boundaries. This
distribution likely contributes to lattice distortion,
thereby hindering dislocation motion and enhancing
the mechanical strength of the alloys, as supported by
previous studies [34, 35]. In addition, while examining
the diffraction patterns of the (Ni80Si20)95Cu5 alloy,
we observed that the peak intensity at approximately
2θ = 76◦ is significantly higher compared to the cor-
responding peaks in the other alloys. Since Si exhibits
a strong reflection from the (220) plane at this angle,
we initially considered this discrepancy to be related
to a silicon-rich metallic phase. However, our phase
analysis confirms the presence of only β1-Ni3Si and
γ-Ni31Si12 across all three alloys. Notably, the addi-
tion of 5 at.% Cu appears to have played a key role
in enhancing the intensity of this peak, suggesting
that Cu either promotes the formation of the β1-Ni3Si
phase, leading to an increased phase fraction, or influ-
ences its crystallographic orientation, thereby affect-
ing diffraction intensity. A similar effect was reported
by Rodriguez et al. [36], who attributed an increased
peak intensity to the presence of a metal-rich silicide
phase, specifically an orthorhombic δ-Ni2Si-like phase
labeled as δ-(Ni-Co)2Si in their Co-containing system.
Figure 1 also provides additional information on peak
assignments based on the ICDD reference database,
ensuring precise phase identification. To enhance clar-
ity, certain peak regions have been magnified, allow-
ing for a more detailed visualization of overlapping

peaks andminor phase contributions. This zoomed-in
analysis highlights subtle differences in peak intensity
and positioning, further confirming the presence of
β1-Ni3Si and γ-Ni31Si12 as the primary phases. Apart
from that, all of the diffraction peaks detected are in
good agreement with previous reports.
Another key feature of XRD patterns is the esti-

mation of the average crystallite size. As we know,
there is an inverse relationship between peak width
and crystallite size. The Scherrer equation quantita-
tively describes the relationship:

Dhlk = κλ/βhkl cos θ, (1)

with the following parameters: average crystallite size
in direction perpendicular to the lattice planes (Dhkl),
hkl are the Miller indices of the planes being ana-
lyzed; numerical factor frequently referred to as the
crystallite-shape factor (κ); wavelength of the X-rays
(λ); width (full-width at half-maximum, “fwhm”) of
the X-ray diffraction peak in radians (βhkl); Bragg an-
gle (θ) [37, 38].
The average crystallite size was determined using

the Scherrer equation with the help of both OriginPro
(OriginLab Corporation, Northampton, MA, USA)
and HighScore Plus software [39]. The most intense
diffraction peaks at the (111) plane were selected, and
corresponding fwhm values were calculated by fitting
them to a Voigt function, which is a convolution of
Gaussian and Lorentzian functions.
The fitting results obtained from both software

packages demonstrate excellent agreement, validating
the reliability of our crystallographic analysis. The cal-
culated average crystallite sizes for the arc-melted al-
loys, as presented in Table 1, are 28.51, 33.10, and
36.21 nm for the Cu, Al, and Zr-doped compositions,
respectively.
These results indicate that the crystallite size of

the studied alloys is significantly influenced by the
third alloying element. This is likely due to the direct
effect of atomic radii on interatomic spacing, which
determines the lattice structure of a crystal. The sam-
ples analyzed in this study included Cu, Al, and Zr as
alloying elements, each with varying atomic radii. Cu
has a smaller atomic radius of 0.128 nm compared to
Al (0.143 nm) and Zr (0.159 nm). The XRD analysis
results indicate that the alloy containing Zr, which has
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Ta b l e 2. Thermal reactions in Ni-Si system [44]

Reaction Composition of the respective phases at.% Si Temperature (◦C) Reactive type

L ⇀↽ (Ni) + β3 21.4 15.8 25.0 1143 Eutectic
(Ni) + β2 ⇀↽ β1 14.7 25.1 23.7 1035 Peritectoid
L + γ ⇀↽ β3 22 27.9 25.2 1170 Peritectic

Fig. 2. DSC (a) and DTA (b) traces of the alloys: (1)
(Ni80Si20)95Al5, (2) (Ni80Si20)95Cu5, and (3) (Ni80Si20)95

Zr5.

the largest atomic radius among the alloying elements,
also had the largest average crystallite size.
Figure 2 shows the typical DSC (left) and DTA

(right) traces of the arc-melted alloys. As shown in
the DSC traces, all alloys, from 100◦C onwards, follow
a similar trend and show no indication of melting or
glass transition. This suggests that no phase transfor-
mations are occurring within 100–700◦C, and all the
alloys are thermally stable. Previous findings are also
consistent with this result [6, 40, 41]. Another point is
that Al has the lowest melting point of 660◦C in our
ternary systems, which can be easily traced by DSC
due to the strongest tendency to evaporate during arc-
melting, yet no endothermic reactions were observed.
A possible explanation for this result may be causally
associated with low local concentration due to a rela-
tively small amount of Al (5 at.%) and Al dissolving
in other components [42].
Despite providing useful information about the

thermal transitions, one of the major drawbacks of
DSC is the limited temperature range. In order to
overcome this limitation and further investigate the
thermal properties at higher temperatures, we refer to
the DTA. As can be seen from Fig. 2, the same trend
without any significant endothermic peaks holds up to
1000◦C during DTA measurements. However, depend-
ing on the third alloying element (Al, Cu, or Zr at
5 at.%), single or double endothermic peaks between
1074 and 1197◦C are observed for our alloys. The ab-
sence of endothermic peaks for phases containing the
additional elements may be attributed to their local
concentrations not being high enough [43]. Based on
the Ni-Si phase diagram in Fig. 3, these thermal events
correspond to interactions between three anticipated
phases: α-Ni solid solution, β1-Ni3Si, and γ-Ni31Si12.
The specific thermal reactions associated with

these phases, according to the Ni-Si phase diagram,
are summarized in Table 2.
By referring to the Ni-Si phase diagram reported

by Nash [44] and Baker [45] in Fig. 3, the observed
DTA peaks indicate that melting is occurring be-
tween the crystalline mixtures of high-strength β1-
-Ni3Si and γ-Ni31Si12 phases. Similar results were re-
ported among the samples containing Ni-Si elements
with relatively close compositions and ratios [6, 40,
46]. Among the alloying additions, Al increases the
transformation temperatures more than Cu and Zr,
indicating that 5 at.% Al stabilizes high-temperature
phases, as seen in thermal events at 1190 and 1197◦C.
In contrast, Zr induces the most significant reduction
in transformation temperatures. Overall, the observed
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Fig. 3. Ni-Si binary phase diagram [44].

transitions highlight the critical role of ternary addi-
tions in altering the phase stability and melting be-
havior of Ni-Si-based ternary alloys.
As stated in the previous results, the introduc-

tion of the third alloying element has a pronounced
impact on the microstructure of the alloys. Conse-
quently, these effects on the microstructure give rise
to substantial alterations in the morphology of the al-
loys. Therefore, the morphological properties were as-

sessed by SEM and EDX as shown in Fig. 4. In the
SEM analysis, we observed characteristic features of
planar, cellular, and dendritic growth patterns. The
dark gray phases signify relatively Si-rich solid so-
lutions, while the light gray phases denote relatively
Ni-rich intermediate phases.When incorporating 5 at.%
Al into the alloy, we observe the surface morphology
exhibiting a cellular dendritic growth pattern. On the
other hand, with the introduction of Cu and Zr, we ob-
serve columnar dendritic growth and planar growth,
respectively. Furthermore, the addition of copper re-
sults in the development of columnar dendritic struc-
tures with secondary and tertiary dendrite arms. De-
spite notable progress, the underlying factors driving
the transition from cells to dendrites remain unclear.
The opaqueness and high melting temperature of the
samples pose challenges in maintaining precise control
over the solidification process [47, 48]. However, we be-
lieve that variations in alloy composition can lead to
different degrees of undercooling, which, in turn, im-
pact the kinetics of solidification and, therefore, the
growth pattern. Both the XRD and SEM-EDX results
confirm that the alloys are composed of intermetallic
phases, and compositional homogeneity is achieved,
with values very close to the nominal compositions.
In addition, we not only observed distinct peaks cor-
responding to the starting elements of Ni, Si, Al, Cu,
and Zr in the EDX spectra analysis but also found no
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Fig. 4. SEM images and EDX results of the alloys: (a) (Ni80Si20)95Al5, (b) (Ni80Si20)95Cu5, and (c) (Ni80Si20)95Zr5.

evidence of impurity peaks. This observation further
suggests that minimal loss of the solute elements dur-

ing solidification and synthesis procedures has been
achieved.
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Fig. 5. Magnetization vs. magnetic field (M -H) measure-
ments of the alloys at 300 K: (a) (Ni80Si20)95Al5, (b)

(Ni80Si20)95Cu5, and (c) (Ni80Si20)95Zr5.

Ta b l e 3. Magnetic properties of the alloys at 300 K

Alloys Hc (Oe) Mr (emu g−1)

(Ni80Si20)95Cu5 219 0.0015
(Ni80Si20)95Al5 307 0.003
(Ni80Si20)95Zr5 225 0.0023

Magnetic behavior of the alloys is investigated un-
der an external magnetic field in the range of ± 3 T,
at 300K. Figure 5 illustrates the resulting magnetic
hysteresis loops, which provide distinct magnetic re-
sponses of each alloy. Remanent magnetization (Mr)
and coercivity (Hc) values obtained from the M -H
curves are also listed in Table 3. As shown in Table 3,
the (Ni80Si20)95Al5 alloy exhibits a coercivity of 307
Oe and a remanent magnetization of 0.003 emu g−1,
while the (Ni80Si20)95Cu5 alloy has a coercivity of 219
Oe and a remanent magnetization of 0.0015 emu g−1.
Additionally, the (Ni80Si20)95Zr5 alloy shows a coer-
civity of 225 Oe and a remanent magnetization of
0.0023 emu g−1.
When we refer to Table 3, we can see that there

are no recorded values for saturation magnetization
(Ms) regarding the alloys. The absence of saturation
magnetization (Ms) values can be attributed to sev-
eral factors, including certain conditions that prevent
the alloys from reaching saturation under the applied
field conditions: (i) the presence of non-ferromagnetic
elements such as silicon (diamagnetic), copper (dia-
magnetic), aluminum (paramagnetic), and zirconium
(paramagnetic) can dilute the overall magnetization,
resulting in a low or absent Ms. Additionally, the in-
troduction of these elements may have induced de-
fects or disturbances in the lattice structure, hindering
the alignment of magnetic moments and leading to a
paramagnetic-like response; (ii) different phase forma-
tions can also influence the magnetic response [40, 49,
50]; (iii) as Mourdikoudis discussed decreasing crys-
tallite size below the critical radius limit can result in
lack of saturation magnetization in the materials [51].
Furthermore, Alnasir and Rana have also mentioned
that effects such as surface spin disorder, spin-canting,
and thermal fluctuations could contribute to the result
[52, 53].
Another result that has caught our attention is

that the alloys with 5 at.% Al, Zr, and Cu have coer-
civity values of 307, 225, and 219 Oe, respectively. No-
tably, among these alloys, those containing 5 at.% Al
and Zr exhibit larger crystallite sizes compared to Cu,
as indicated by XRD results. The increase in coerciv-
ity with increasing crystallite size can be attributed to
the phenomenon observed when magnetic domains re-
main below the critical size (single domain), as demon-
strated in Fig. 6. This also confirms the relationship
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Fig. 6. Size dependence of coercivity; Dp represents the
particle diameter at the superparamagnetic regime, while
Ds denotes the particle diameter at the transition from the

single to the multi-domain regime [54–56].

Fig. 7. Vickers micro-hardness values of the alloys: (a)
(Ni80Si20)95Al5, (b) (Ni80Si20)95Cu5, and (c) (Ni80Si20)95

Zr5.

between the critical atomic radius and saturation mag-
netization mentioned in our previous comment.
Overall, the absence of saturation magnetization,

combined with very low remanent magnetization and
low coercivity values, indicates that the alloys exhibit
paramagnetic behavior.
The Vickers micro-hardness values, as given in

Fig. 7, demonstrate significant variations among the
ternary alloys. The (Ni80Si20)95Zr5 alloy exhibits the
highest hardness value, reaching 882.4 ± 76.5 HV,
followed by the (Ni80Si20)95Cu5 alloy with a value
of 823.0 ± 34.2 HV and the (Ni80Si20)95Al5 alloy,
which has the lowest hardness at 613.4 ± 43.8 HV.
This trend can be directly correlated with the ob-
served microstructural differences, as evidenced in

Fig. 4. The Zr-containing alloy displays a planar
growth pattern, contrasting with the cellular dendritic
and columnar dendritic structures of the Al- and Cu-
containing alloys, respectively. The more uniform mi-
crostructure in the Zr-containing alloy, with fewer de-
fect accumulation sites, likely contributes to its supe-
rior hardness by promoting a consistent phase distri-
bution andminimizing localized stress concentrations
[57, 58]. Furthermore, the larger atomic radius of Zr
compared to Al and Cu may introduce additional lat-
tice strain, further impeding dislocation motion and
enhancing hardness [59–61].

4. Conclusions

In this study, we conducted a thorough investi-
gation into the structural, thermal, magnetic, and
morphological properties of ternary Ni-Si-based al-
loys with 5 at.% additions of Al, Cu, or Zr. Through
X-ray diffraction (XRD) analysis, we successfully con-
firmed the dominance of the cubic β1-Ni3Si phase
(space group: Pm-3m, No. 221) and the presence of
γ-Ni31Si12 phase, with no detectable impurities. The
estimation of average crystallite size using the Scher-
rer equation revealed dependences on the third al-
loying element, indicating variations in lattice struc-
ture. Notably, (Ni80Si20)95Zr5 alloy demonstrated the
largest average crystallite size of 36.21 nm. Ther-
mal analysis using differential scanning calorimetry
(DSC) confirmed the thermal stability of the al-
loys below 680◦C, while differential thermal analy-
sis (DTA) identified melting events occurring between
1074 and 1197◦C, suggesting phase transitions be-
tween the expected phases at elevated temperatures.
The addition of Al increased transformation tempe-
ratures, while Zr reduced them. The investigation
into the magnetic properties of the alloys revealed
two key points. Firstly, the ternary alloys exhibit
low remanent magnetization (∼ 0.002 emu g−1) and
moderate coercivity (219–307Oe), suggesting weak
permanent magnetism and paramagnetic-like behav-
ior. (Ni80Si20)95Al5 possesses the highest coerciv-
ity (307Oe), while (Ni80Si20)95Cu5 has the lowest
(219Oe). Secondly, the absence of saturation magne-
tization is attributed to non-ferromagnetic elements
diluting the magnetization and potentially disrupting
the lattice structure, along with potential contribu-
tions from factors like phase formations, small crys-
tallite size, and surface spin disorder. Scanning elec-
tron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX) analysis revealed distinct mor-
phologies for each alloy: cellular dendritic with Ni-
Si-Al, columnar dendritic with Ni-Si-Cu, and planar
growth with Ni-Si-Zr. Notably, the alloys achieved
both compositional homogeneity andminimal loss of
solute elements. Finally, Vickers micro-hardness mea-
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surements further highlighted the alloys’ diverse char-
acteristics, (Ni80Si20)95Zr5 alloy demonstrating the
highest hardness at 882.4 ± 76.5 HV, followed by
the (Ni80Si20)95Cu5 at 823.0 ± 34.2 HV, and the
(Ni80Si20)95Al5 at 613.4 ± 43.8 HV. Overall, this
study successfully demonstrates the impact of third
alloying elements (5 at.% Al, Zr, Cu) on the struc-
tural, thermal, magnetic, and morphological proper-
ties of Ni-Si-rich ternary alloys, while also laying the
groundwork for further understanding and optimizing
their performance in various applications.
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