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Abstract: This research aims to optimizing the synthesis of
Ni–Ti–Cu alloys with shape memory effect (SME) through a
combination of mechanosynthesis and spark plasma sin-
tering (SPS). It has been established that the rotation speed
(650/750 rpm) and the duration of mechanosynthesis (1–8 h)
critically affect the phase composition and morphology of
the powders. The speed of the formation of the interme-
tallic phase NiTi is limited at 650 rpm, whereas it intensi-
fies defect accumulation and amorphization at 750 rpm.
X-ray phase analysis and scanning electron microscopy
confirmed that the optimal mechanosynthesis regime
(8 h, 750 rpm) ensures: synthesis of target phases B2-NiTi
and B19′ -NiTi; minimal crystallite size (~109 Å); high che-
mical homogeneity (~46 at% Ni, ~42 at% Ti, ~10 at% Cu).
Subsequent SPS at 850–900° C and 49.2 MPa allowed for the
production of dense samples. Sintering at 900 ° C after
mechanosynthesis at 750 rpm ensured the predominance

of the stable B2 austenitic phase, high microstructural
homogeneity, and minimal porosity, which is critical for
the reversibility of martensitic transformations. EDS ana-
lysis confirmed the chemical homogeneity (~46 at% Ni, ~42

at% Ti, ~10 at% Cu) and the uniform distribution of ele-
ments. The results demonstrate the effectiveness of combining
mechanosynthesis at an increased rotation speed and reduced
duration with SPS for the formation of microstructures opti-
mized for the requirements of shape memory alloy (SMA)
materials.

Keywords: Ni–Ti–Cu shape memory alloys, mechanosynthesis,
spark plasma sintering, phase transformations, microstructure

1 Introduction

Shape memory alloys (SMAs) represent a class of func-
tional alloys capable of restoring their original shape after
plastic deformation due to changes in temperature or
under the influence of an external field. This behavior is
associated with reversible martensitic phase transforma-
tions that occur at the atomic level in the material’s crystal-
line structure [1–4]. The most studied and commercially
sought-after are nickel–titanium (NiTi) alloys, which com-
bine high deformability (up to 8% without residual defor-
mation), good corrosion resistance, low elastic modulus, and
biocompatibility [5–7]. These characteristics have ensured
the widespread use of NiTi alloys in industries such as aero-
space, microelectronics, and robotics, as well as in medicine,
particularly in the production of cardiovascular stents, ortho-
dontic arches, and surgical instruments [8–14].

The functional properties of NiTi alloys are directly
dependent on the mechanism and parameters of the mar-
tensitic phase transformation. Upon cooling, the high-tem-
perature austenitic phase with a cubic crystal lattice (B2)
transforms into a low-temperature martensitic phase –

monoclinic (B19′ ) or orthorhombic (B19), depending on the
alloying additions and processing conditions [3,13,15–18].
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The process is accompanied by the release of latent heat and
occurs without diffusion, ensuring high reversibility of the
transformation. Upon heating, the reverse transition to
the austenitic phase occurs, resulting in the restoration of
the original shape of the sample, fixed in the high-tempera-
ture state.

One of the ways to enhance the stability and controll-
ability of the shape memory effect (SME) is by alloying the
alloys with third elements. Among the numerous additives
studied, the most attention is given to copper, which is
introduced into the composition in amounts up to 15 at%.
The presence of copper in the NiTi system significantly
affects phase transformations: as the copper content
increases, the crystallography of the martensitic phase
changes (B19′ → B19), the thermal hysteresis decreases,
and the stability of the SME under cyclic loading increases
[3,18–20]. Moreover, NiTiCu alloys demonstrate improved
shape-changing characteristics and lower sensitivity to
deviations in chemical composition compared to binary
NiTi alloys, making them particularly attractive for use
under variable thermomechanical loads.

One of the key stages in obtaining functional materials
with the SME is the compaction of mechanically activated
powders. To achieve the reversible martensitic transfor-
mation underlying the SME, it is critically important not
only to precisely reproduce the chemical composition but
also to ensure a controlled microstructure while main-
taining the desired phase nature. Among modern densifi-
cation technologies, the spark plasma sintering (SPS)
method deserves special attention, as it ensures the inten-
sification of mass transfer and phase transformation
processes due to the synergistic effect of pulsed electric
current, pressure, and temperature.

Unlike traditional sintering methods (vacuum, iso-
static, hot pressing), SPS ensures sintering at lower tem-
peratures and in shorter timeframes, which is especially
important for SMAs that are sensitive to overheating
and grain growth. As shown in [21], SPS allows for the
preservation of the nanostructured state of alloys and
the stabilization of the B2 phase – a high-temperature cubic
crystalline phase, the stability, and proportion of which
directly affect the expression of the SME. However, the
presence of only the B2 phase is insufficient: during
cooling, the realization of a martensitic transformation
with the formation of the B19′ phase – a low-temperature
monoclinic phase that ensures reversible deformation is
necessary. Therefore, the optimal combination of B2 and
B19′ phases depending on the operating temperature is a
key structural condition for the manifestation of the SME.

This is critically important when Ni–Ti–Cu alloys are
processed, where the addition of copper affects both the

kinetics of phase transformations and the morphology
of the resulting samples. Copper contributes to lowering
the temperature of martensitic transformation, stabilizing
the B2 phase, and improving the conditions for the forma-
tion of the dispersed B19′ phase during cooling, which
together promote a more reliable realization of functional
properties.

Comparative analysis with alternative approaches
[3,22–25] confirms that the combination of mechanosynth-
esis and SPS allows achieving a highly dispersed and homo-
geneous structure with minimal porosity and optimal
phase composition. Unlike materials obtained solely by
mechanical alloying, which often exhibit residual amor-
phous components or unstable intermediate phases, the
application of SPS ensures the formation of a stable matrix
with a predominance of the B2 phase and dispersed mar-
tensitic B19′ inclusions that form after cooling. Such struc-
tural features contribute to the improvement of functional
characteristics – an increase in the magnitude of reversible
deformation, a decrease in residual deformation, and an
enhancement in the stability of thermomechanical loading
cycles.

In addition to high density and uniformity, SPS pro-
vides an additional advantage – the ability to form target
phases at temperatures below the overheating tempera-
tures, which is particularly important for SMA prone to
phase instability. NiTi alloys densified by the SPS method
demonstrate improved shape memory characteristics due
to stabilization of phase composition and prevention of the
formation of undesirable phases that alter the reversibility
of transformations [26]. In the case of the Ni–Ti–Cu ternary
system, the addition of copper contributes to both the
reduction of the martensitic transformation temperature
and the suppression of oxide inclusion formation, which
further enhances the reliability and reproducibility of SMA
properties.

Thus, SPS is not only an effective method for powder
compaction but also a critically important stage in the
technology of synthesizing SMAs. Its application allows
the realization of: stabilization of the B2 phase and control
of the formation of the B19′ phase during cooling; the
formation of a nanostructured matrix necessary for the
reproducible SME; increased cyclic stability and reduced
residual deformation; and preservation of chemical and
structural homogeneity, critically important for the ther-
momechanical functionality of SMAs.

The results obtained in this study confirm the high
efficiency of the combination of mechanosynthesis and
SPS for forming a microstructure that ensures the mani-
festation and the stability of the SME in Ni–Ti–Cu system
alloys.
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2 Materials and methods

The research objects were samples of the 45Ni–45Ti–10Cu
SMA system (at%). The alloys were formed by combining
mechanosynthesis and SPS from a three-component
powder composition of the Ni–Ti–Cu system (the para-
meters and scheme are shown in Table 1 and Figure 1).
The following powders were used as the starting materials
for producing SMAs: nickel powder (main impurities: Si ≤
0.003; Fe ≤ 0.001; Zr ≤ 0.002; Cu ≤ 0.001; C ≤ 0.002); titanium
powder (main impurities: Fe ≤ 0.002; Cr ≤ 0.003; Ni ≤ 0.002;
Cu ≤ 0.003; Ta ≤ 0.002); copper powder (main impurities: Al
≤ 0.002; Fe ≤ 0.001; Cr ≤ 0.001; Ni ≤ 0.001; Si ≤ 0.002) with a
particle size <50 μm and a purity of 99%, obtained from
Hebei Suoyi New Material Technology, Hebei Province,
China.

Eight samples were compared under various mechano-
synthesis modes. To carry out the mechanosynthesis process,
a planetary micro mill (Pulverisette 7 Premium Line, Fritsch
GmbH, Idar-Oberstein, Germany) was used. Based on the
analysis of the phase composition and morphology of the
powders obtained after mechanosynthesis, optimal condi-
tions were selected for subsequent densification using the
SPS method. The specified parameters were chosen based
on the literature data [1–3,19– 23,26] and initial experiments
as the most suitable for the effective densification of powder
blanks while preserving and stabilizing the previously
formed B2 and B19′ phases responsible for the SME, as well
as minimizing undesirable phase transformations.

To assess the influence of temperature parameters on the
densification process, shrinkage kinetics were analyzed for
powder compacts prepared under optimal mechanosynthesis

Table 1: Detailed parameters for obtaining a three-component SMA

Mill rotation
speed, rpm

Materials (balls/container) Ball-to-powder
ratio

Process duration, min Atmosphere/Chemical agents

Mixing/mechanosynthesis
650/750 Stainless steel, 5 mm balls, 45

mL cup
10:1 60/180/300/480 Argon/Stearic acid

Pressure, MPa Heating rate, ∘∘ C/min Holding time, min Max. temperature, ∘∘ C Atmosphere

SPS
49.2 100 10 850/900 Vacuum

Figure 1: Scheme for obtaining SMAs based on the Ni–Ti–Cu system.
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conditions and sintered at various temperatures. Both sam-
ples exhibit a characteristic three-stage shrinkage curve
(Figure 2): I – initial densification during heating (up to
~650 ° C), II – intensive shrinkage in the isothermal regime
( ∕~650–850 900 ° C), and III – stabilization upon reaching the
final density. For the sample sintered at 850 ° C (curve (1)), the
intensive shrinkage stage (II) begins approximately at the first
minute of the isothermal holding. The maximum shrinkage
rate reaches × −

~8.9 10

3 mm/s, with a total linear deformation
of ~1.6 mm. At 900 ° C (curve (2)), intensive shrinkage starts
slightly earlier, almost immediately after reaching the iso-
thermal plateau. In this case, the shrinkage rate increases
to × −

~1.27 10

2 mm/s, and the final shrinkage reaches ~1.9

mm. The more pronounced densification at 900 ° C compared
to 850 ° C may be attributed to the intensification of diffusion
processes and the reduction in material flow resistance,
which together promote more efficient powder consolidation
during sintering.

The samples obtained after sintering were prepared
for examination on a Struers grinding-polishing machine
using water cooling. During the surface preparation, the
samples were sequentially polished on silicon carbide
grinding paper with grit sizes: P400–600–800–1200, and
then subjected to polishing on polishing cloths with the
addition of diamond suspensions, with particle sizes of 3
and 1 μm. To reveal the microstructure, the samples were
subjected to chemical etching, using a solution of a mixture
of concentrated nitric acid HNO

3
(65–68 wt%) and hydro-

chloric acid HCl (32–35 wt%), taken in a volume ratio of 1:3
(mass ratio, when recalculated to pure substances is about
1:2). The samples were analyzed to assess the phase com-
position, microstructure, and morphological changes that
occurred during the densification process.

The analysis of the crystalline characteristics and
phases of the alloy samples was conducted using an
X-ray diffractometer X’Pert PRO (Malvern Panalytical
Empyrean, Netherlands) with a copper anode. The mea-
surement was conducted in the angle range of

=θ2 20–100 ° , with a tube voltage of 45 kV and a current
of 40 mA. The scan step was 0.02 ° , and the accumulation
time at each step was 1.5 s. Diffraction patterns were
processed using the HighScore program for phase identifi-
cation and analysis. The evolution of morphology was stu-
died using a scanning electron microscope (SEM) (Phenom
ProX, Thermo Fisher Scientific, USA), and the particle size
distribution was analyzed with a laser diffraction analyzer
(Analysette 22 NeXT Nano, Fritsch, Germany).

3 Results and discussion

Figures 3 and 4 show the intermetallic phases B2-NiTi and
B19′ -NiTi. All reference diffraction patterns were obtained
from the ICSD and COD databases. The corresponding card
numbers are listed below:
• B2-NiTi – ICSD: 98-016-0482;
• B19′ -NiTi – ICSD: 98-016-1458;
• Ni – COD: 96-210-0650;
• Ti – COD: 96-900-8518;
• Cu – COD: 96-901-3015.

The X-ray diffractogram (XRD) presented in Figure 3
demonstrates the phase evolution of a multicomponent

Figure 2: Shrinkage curves of Ni–Ti–Cu powder compacts sintered by
SPS at 850 and ∘

900 C.
Figure 3: X-ray diffractogram of the Ni–Ti–Cu powder mixture after
mechanosynthesis at 650 rpm for different durations.
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metallic system subjected to mechanosynthesis at a rota-
tion speed of 650 rpm over various time intervals (from 0
to 8 h). Intense and narrow diffraction peaks corre-
sponding to the phases Ti, Ni, and Cu are clearly observed
in the initial mixture (0 h) at the initial stage, indicating a
high degree of crystallinity of the initial mixture and the
absence of any significant phase transformations. As the
processing time increases, a gradual decrease in intensity
and broadening of the main reflections is observed, indi-
cating the accumulation of structural defects, a reduction
in crystallite size, and an increase in internal stress within
the materials. However, even after 8 h of mechanosynth-
esis, pronounced peaks of Ni and Ti remain, and the for-
mation of the new NiTi phase remains weakly expressed,
indicating the limited reactivity of the system at this energy
level.

The obtained data indicate the inadequacy of the
kinetic conditions created at 650 rpm for intensifying
solid-phase chemical interactions between the components
of the mixture. Thus, the processes of mechanical disper-
sion and particle deformation at a relatively low rotation
speed, rather than their chemical transformation, exert the
main influence. The results emphasize that the mechanical
energy introduced into the system at 650 rpm is marginal
and insufficient for the effective synthesis of the NiTi
phase, which is manifested in the preservation of the initial
phase composition and high degree of crystallinity
throughout the entire processing. This confirms the need
to increase the impact energy (e.g., by increasing the rota-
tion speed) to initiate target reactions and form new
phases with a more pronounced chemical nature.

The dynamics of changes in the phase composition
and degree of crystallinity of the material, observed
in the X-ray diffraction patterns of the samples shown in
Figure 4, underwent intensive mechanosynthesis at a rota-
tion speed of 750 rpm over a period of 1–8 h, indicating
deep structural-phase transformations occurring under
the influence of high-energy plastic deformation. The
initial mixture (0 h) also demonstrates well-resolved,
narrow, and high-intensity diffraction peaks corre-
sponding to the phases of pure metals Ti, Ni, and Cu, indi-
cating a coarse crystalline structure with a high degree of
long-range order.

A progressive broadening and decrease in peak inten-
sity is observed with an increase in time to 1–3 h, reflecting
a reduction in crystallite size to the nanometer range (esti-
mated using the Scherrer formula) and the accumulation
of microstrains due to dislocation strengthening, which
is consistent with the mechanism of deformation-diffu-
sional crystal lattice breakdown. The appearance and
the growth of NiTi intensity indicate the development of
solid-phase chemical reactions induced by mechanosynth-
esis, involving active defect centers formed during grain
fragmentation.

A qualitative shift in the material’s structure is
observed at the 5 h stage of mechanosynthesis: the peaks
become broad and poorly defined, and the suppression of
the main reflections of the initial phases is recorded, indi-
cating the dominance of amorphization and cooperative
diffusion processes at the grain boundaries. The sharp dif-
fraction maxima completely disappear by the 8th hour,
and the structure acquires an amorphous or quasi-amor-
phous character with minor fluctuations in the back-
ground (halo-like profile), indicating the achievement of
a state of complete loss of long-range order.

These results highlight the key role of the duration and
intensity of activation in controlling the phase evolution of
the material.

It is noteworthy that after just 1 h of milling, the peaks
corresponding to elemental copper completely disappear
in both modes. This is likely due to the dissolution of
copper in the NiTi-based solid solution or its amorphiza-
tion as a result of intense plastic deformation and defect
accumulation during high-energy milling. This observation
indicates the high reactivity and mobility of copper under
mechanochemical conditions.

As already noted, with the increase in milling time, a
systematic broadening and decrease in the intensity of
diffraction peaks is observed, indicating the formation
of a nanocrystalline structure and the development of
internal microstrains. These changes are more pronounced
in samples processed at 750 rpm compared to 650 rpm,

Figure 4: X-ray diffractogram of the Ni–Ti–Cu powder mixture after
mechanosynthesis at 750 rpm for different durations.
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indicating more intense structure milling and increased
defect accumulation at higher collision energies. Thus, a
higher rotation speed contributes to accelerated grain
destruction and intensification of plastic deformation.

Crystallite size and lattice strain were calculated using
the Scherrer method with the built-in calculator in
HighScore Plus software (Malvern Panalytical). For each
diffraction peak, the position (2θ) and full width at half
maximum were determined. Based on these parameters,
the software automatically calculated the crystallite size
and microstrain using standard Scherrer equations. For
each sample, the calculations were performed using all
identified diffraction peaks, and then the average values
of crystallite size and lattice strain were determined. The
most prominent peaks were used for semi-amorphous
samples obtained after 8 h of milling. All values have
been rounded according to the method’s accuracy, and
measurement errors are provided accordingly.

The calculated values of crystallite sizes and micro-
strain confirm the aforementioned observations. The crys-
tallite size decreases from 292.8 Å (0 h) to 108.8 Å (8 h) at
750 rpm, while the microstrain of the crystal lattice
increases from 0.28 to 1.79%. Meanwhile, the crystallite size
reduces to 144.7 Å, and themicrostrain reaches 1.61% after 8 h
of milling at 650 rpm (Table 2). These data demonstrate that a
higher processing intensity contributes to both deeper struc-
tural milling and an increase in internal stresses due to the
accumulation of defects and dislocations.

Despite the fact that at speeds of 650 and 750 rpm,
structural transformation processes – specifically, the
reduction of crystallite sizes and the increase in micro-
strains – occur with significantly greater intensity, and
the formation of intermetallic phases – ordered cubic B2-
NiTi (lattice parameter =a 3.0150 Å) and martensitic
monoclinic B19′ -NiTi – are observed only after 8 h of
mechanical alloying in both modes. This indicates that,
regardless of the differences in milling kinetics, the transi-
tion to the ordered phase is due to the necessity of reaching
a critical level of accumulated defects and activating

interatomic diffusion processes, which are only realized
with sufficient duration and energy of mechanochemical
processing.

The morphology of the Ni–Ti–Cu alloy powder before
the start of mechanosynthesis is clearly visible in Figure 5a.
The particles are predominantly spherical in shape, with a
smooth surface and weakly expressed signs of deforma-
tion, which indicates the preservation of the initial powder
morphology after the initial mixing stage. There are indi-
vidual fragments of various shapes, but large rounded
particles with sizes of approximately 31 and 46.8 μm pre-
dominate. The average particle size in this state signifi-
cantly exceeds the sizes observed in the subsequent stages,
reflecting the absence of intensification of plastic deforma-
tion and material disintegration.

As a result of intensive mechanical impact for 1 h
(Figure 5b), morphological changes already begin at 650
rpm. The particles lost their sphericity and took on an irre-
gular, angular shape, which is typical for processes of plastic
deformation and fracture during high-energy milling. Large
aggregates with pronounced granulation are visible, with
sizes ranging from 39.6 to 53.8 μm. Despite the fact that
the average particle size visually remained comparable to
the original, a clear increase is observed in dispersion – both
smaller and larger particles appear. This indicates the com-
petition between two processes: grinding and aggregation,
which is the characteristic of the intermediate stages of
mechanosynthesis, when the impact energy is already suffi-
cient for local plastic deformation, but the steady-state
grinding mode has not been reached yet.

There is a sharp decrease in the average grain size to
17.1 μm or less after 3 h (Figure 5c), indicating the intensi-
fication of the crushing process. An extensive fraction of
fine particles appears, covering the surface of larger
agglomerates. The particles become even more dispersed,
and slightly larger formations appear after 5 h (Figure 5d),
which is likely due to secondary agglomeration from cold
welding.

In the SEM image after 8 h (Figure 5e), it can be seen
that the average particle size has slightly increased com-
pared to 5 h, which is likely due to the dominance of
agglomeration processes over fragmentation. The particles
acquire a rounded shape, indicating multiple acts of plastic
deformation and cold welding. It is evident that the stage of
grinding has stopped and that structural stability has
started in comparison to the earlier time points.

SEM images obtained at a processing speed of 750 rpm
demonstrate pronounced morphological changes occur-
ring even at early stages (Figure 6). After 1 h of processing,
the appearance of cracking and active destruction zones
is observed, with the average grain size decreasing to

Table 2: Deformation of the powder mixture lattice depending on
milling time

Time (h.) 650 rpm 750 rpm

Size (Å) Strain (%) Size (Å) Strain (%)

0 ±292 29 ±0.3 0.1 ±292 29 ±0.3 0.1

1 ±269 27 ±0.4 0.1 ±232 23 ±0.9 0.1

3 ±223 22 ±1.2 0.1 ±215 22 ±1.3 0.1

5 ±200 20 ±1.4 0.1 ±165 17 ±1.4 0.1

8 ±145 15 ±1.6 0.1 ±109 11 ±1.8 0.1
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25.9 μm, as shown in Figure 6a. By 3 h, the formation of a
highly dispersed mass with submicron and nanostructured
formations is observed, among which rounded particles
with a diameter of less than 1 μm predominate, indicating
the presence of nanoscale formation, which is identical for
5 h as well (Figure 6b). These particles exhibit signs of
agglomeration, likely due to localized temperature
increases during intense collisions.

Morphological stabilization is achieved by 5 h and
further by 8 h (Figure 6c and d): conglomerates of submi-
cron and nanostructured particles are present, surrounded
by residual inclusions. There is a noticeably more intense
reduction in grain sizes here, as well as the formation of
structures typical of reactive activated systems in compar-
ison with 650 rpm. The presence of fine-dispersed clusters
may indicate the emergence of reactivity in the system,

Figure 5: SEM images of the Ni–Ti–Cu powder mixture subjected to mechanosynthesis at 650 rpm for different durations: (a) initial powder mixture;
(b) after 1 h; (c) after 3 h; (d) after 5 h; and (e) after 8 h.
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especially after 8 h, when the surface becomes distinctly
pronounced and heterogeneous.

Thus, a more pronounced effect of mechanosynthesis is
achieved at 750 rpm with an enlarged interfacial interaction
zone and minimal grain size. Microstructural changes clearly
correlate with X-ray phase analysis and confirm the domi-
nance of dispersion processes over reaction transformation
under limited energy conditions at 650 and 750 rpm.

The analysis of SEM images demonstrates a clear
dependence of particle morphology on rotation speed
and processing duration. Fragmentation occurs more
slowly at 650 rpm, and agglomeration begins to dominate
by 5–8 h, leading to grain coarsening. At the same time,
particle milling occurs significantly faster at 750 rpm,
reaching maximum dispersion within 3–5 h, with a stable
retention of the fine-dispersed phase. The average grain
size at 650 rpm stabilizes at around ~11 μm, and the forma-
tion of nanoparticles begins, while it starts to increase after
8 h at 750 rpm.

From the perspective of SMA structure formation, the
stage with maximum dispersion is optimal for subsequent

sintering, as the reduced grain sizes contribute to acceler-
ated diffusion, the formation of a uniform phase, and the
potential improvement of SMA functional properties, such
as reversible deformation and phase transition stability.
Thus, increasing the rate of mechanochemical processing
contributes to the intensification of plastic deformation
processes, accelerated particle breakdown, and stabiliza-
tion of nanostructured morphology, which is crucial for
the subsequent phase formation and functional properties
of the Ni–Ti–Cu composite.

For the quantitative assessment of the chemical com-
position and confirmation of the homogeneity of Ni–Ti–Cu
powders obtained by the mechanosynthesis method, a
point energy-dispersive X-ray spectroscopy (EDS) analysis
was performed. The study was conducted on eleven dif-
ferent surface areas of the particles, as shown in Figure 7.
The results demonstrate the following ranges of element
concentrations:
• Nickel (Ni): 44.7–46.8 at%;
• Titanium (Ti): 40.2–43.7 at%;
• Copper (Cu): 11.1–13.2 at%.

Figure 6: SEM images of the Ni–Ti–Cu powder mixture subjected to mechanosynthesis at 750 rpm for different durations: (a) after 1 h; (b) after 3 h; (c)
after 5 h; and (d) after 8 h.

8  Danagul Aubakirova et al.



The analysis results confirm a high degree of chemical
homogeneity of the powders obtained through mechano-
synthesis. Minor deviations, for example, in copper content
(Spectrum 6 and Spectrum 10), are likely related to local
fluctuations at the early stages of the diffusion interaction
of the components. However, the deviations do not exceed
2 at%, which falls within the acceptable technological
limits.

EDS spectra show clearly defined peaks of the corre-
sponding elements (Ni, Ti, Cu), with no impurities, con-
firming the high purity of the system and the effectiveness
of the mechanical synthesis parameters used (650–750
rpm, 8 h of processing). The quantitative composition
data are consistent with the reference on mechanically
alloyed Ni–Ti–Cu system alloys [27,28] and demonstrate

the potential of the obtained powders for further densifi-
cation by SPS to produce shape memory materials.

Additionally, microstructural visualization using SEM
and energy-dispersive element mapping were conducted to
assess the morphology and spatial distribution of Ni, Ti,
and Cu in the powders. In the SEM image (Figure 8a),
agglomerates of irregularly shaped particles are clearly
visible, formed as a result of processes such as plastic
deformation, cold welding, and brittle fracture during
high-energy milling.

Mapping of element distribution shows an even distri-
bution of nickel (Figure 8b), titanium (Figure 8c), and
copper (Figure 8d) throughout the studied area. This indi-
cates the formation of a homogeneous solid-phase during
the mechanosynthesis process, which is critically

Figure 7: Results of point energy-dispersive X-ray spectroscopy using SEM.

Structural and functional enhancement of Ni–Ti–Cu SMA via combined powder metallurgy techniques  9



important for SMAs, where the NiTi phase must be as pure
and uniform as possible.

The obtained images confirm the initial stage of inter-
metallic compound formation and are consistent with pre-
viously published studies, where mechanical alloying led
to effective mixing of components and activation of diffu-
sion processes [29]. The visual and quantitative homoge-
neity of the composition makes these powders suitable for
subsequent densification by the SPS method, which will
ensure the production of functional alloys with reprodu-
cible thermomechanical properties.

A cross-sectional analysis of the powder mixture of the
Ni–Ti–Cu system was conducted for a more detailed study
of the microstructure and element distribution within the
volume of the material after mechanosynthesis. This
allowed us to assess the degree of homogenization within
the depth of the particles and identify possible impurities
related to sample preparation. Figure 9 presents the results
of the cross-sectional analysis of the Ni–Ti–Cu powder mix-
ture obtained by the mechanosynthesis method. The SEM
image (Figure 9(a)) demonstrates a high degree of agglom-
eration and contact between particles, indicating intense
interfacial interactions during the mechanosynthesis process.
The results of elemental mapping confirm the uniform

distribution of the main elements – Ni (Figure 9(b)), Ti
(Figure 9(c)), and Cu (Figure 9(d)) – throughout the volume
of the analyzed area. The absence of signs of pronounced
segregation indicates effective homogenization of themixture
and the formation of a multicomponent composition.

The results of the local energy dispersive analysis
show that the ratio of the main elements is approximately

±46.2 0.5 at% Ni, ±42.5 0.4 at% Ti, and ±10.1 0.5 at% Cu,
which is close to the specified initial composition. In cer-
tain points, the presence of small amounts of silicon (Si),
chromium (Cr), and iron (Fe) was recorded, which were
absent in the initial powder after mechanosynthesis; their
total content does not exceed a few atomic percent. The
occurrence of these impurities is explained by the specifics
of sample preparation: in particular, the use of abrasive
grinding paper with oxides and metal inclusions, as well as
the conductive thermosetting resin Struers PolyFast, which
contains fillers based on inorganic and metal components.
During the grinding and polishing process, particles from
the abrasive and resin could have embedded into the near-
surface layer of the sample, causing false signals in the EDS
spectrum. Thus, the identified impurities are not related to
the mechanosynthesis process but are artifacts of sample
preparation.

Figure 8: Mapping the microstructure of Ni–Ti–Cu powders after mechanosynthesis.
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It should be noted that the behavior of powders during
machining is largely determined by the crystalline struc-
ture and physicochemical characteristics of the constituent
elements. Thus, titanium possesses a hexagonally close-
packed lattice with a limited number of slip systems, a
high melting point, and pronounced deformation hard-
ening, which contributes to the accumulation of disloca-
tions and the active destruction of its structure in the early
stages of machining [27]. In contrast, nickel, which has a
face-centered cubic (FCC) structure with a greater number
of slip systems and a lower level of deformation hardening,
deforms more plastically, which limits the level of defect
accumulation in the initial period of milling [30,31].

The addition of copper, which also has an FCC struc-
ture, has a dual effect on the milling and activation process.
On one hand, copper can act as a soft phase, facilitating
lubrication and redistribution of mechanical energy in the
system, reducing the likelihood of cold welding [32]. On the
other hand, it increases the number of potential diffusion
interaction sites with titanium and nickel due to the higher
mobility of the ionic lattice, which under prolonged
mechanical processing conditions can contribute to the
earlier onset of solid-phase reactions [33,34]. In the SEM
images, rounded agglomerates and areas with a

homogeneous microstructure are observed, indicating
the redistribution of material and interphase diffusion
between particles. Such morphological features confirm
the occurrence of solid-phase reactions during mechanical
processing [31,33]. Moreover, the lower melting point of
copper compared to Ti and Ni expands the temperature
window for the onset of recrystallization processes, which
affects the morphological evolution and the formation of
nanostructured phases [33,34].

An analysis of the average particle sizes was con-
ducted using an analyzer for a quantitative assessment of
morphological changes (Figures 10 and 11). The obtained
data demonstrate a clear dependence of particle size on the
duration and speed of processing. The initial size was
approximately 28.7 μm. After 1 h of processing at a speed
of 650 rpm, no significant reduction in size due to agglom-
eration is observed, whereas by 3–5 h, effective particle
grinding occurs. However, an increase in size is again
observed by 8 h, attributed to the dominance of cold
welding processes due to high activation.

The grinding dynamics are more pronounced at 750
rpm: the particle size becomes smaller than at 650 rpm
after just 1 h, and the minimum dispersion is achieved
by 3–5 h. There is a tendency towards agglomeration by

Figure 9: SEM image and elemental mapping of the cross-section of the Ni–Ti–Cu powder mixture after mechanosynthesis.
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the 8th hour of mechanosynthesis at 750 rpm; however, the
structure remains coarser compared to the 650 rpm mode,
where the powder mixture is more finely dispersed.

The results demonstrate that the optimal mechano-
synthesis time to achieve the minimum particle size is
3–5 h in both modes (650 and 750 rpm) (Table 3). However,
despite the particle growth by 8 h, it is at this processing
duration that the target phases B2 and B19′ , responsible for
shape memory, are formed, as confirmed by X-ray phase
analysis. This highlights the need for a compromise
between milling parameters and the requirements for
the material’s phase composition.

Considering the identified connection between mor-
phological changes and mechanosynthesis regimes, the
next step was to study the phase composition of the
obtained alloys after SPS to assess the stability and nature
of the formed phases.

Figure 12 shows the X-ray diffraction patterns of
NiTiCu alloys obtained by SPS under different temperature
regimes. Three main phases were identified in both sam-
ples: the austenitic B2 phase (cubic structure, =a 3.0150

nm; ICSD No. 98-016-0482), the martensitic B19′ phase
(monoclinic structure, =a 2.8860 nm, =b 4.1130 nm,

=c 4.6310 nm; ICSD No 98-024-0195), and the intermetallic

Figure 10: Particle size distribution after mechanosynthesis at 650 rpm.

Figure 11: Particle size distribution after mechanosynthesis at 750 rpm.
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Ni
4
Ti

3
phase (hexagonal structure, =a 11.6230 nm,

=c 5.0969 nm; ICSD No 98-016-6373). The sharp and intense
diffraction peaks indicate the formation of a highly
ordered crystalline structure, which is attributed to active
recrystallization occurring at sintering temperatures
exceeding T0.6

m

(T
m

– the melting temperature of the
NiTiCu alloy). This process is accompanied by grain growth
and a reduction in lattice microstrain [35]. Quantitative
phase analysis using the Rietveld method confirms these
observations. At the sintering temperature of 850 ° C, the
phase composition includes 29.7% NiTi B2 (austenite),
42.6% NiTi B19′ (martensite), and 27.7% Ni

4
Ti

3
. When the

sintering temperature is increased to 900 ° C, the fraction of
the B2 phase increases to 34.4%, the content of B19′ mar-
tensite decreases to 40.9%, and the amount of Ni

4
Ti

3
phase

is reduced to 24.6%. These results quantitatively confirm
the trend revealed by the qualitative X-ray phase analysis:
increasing the sintering temperature promotes the stabili-
zation of the B2 austenite phase and reduces the amount of
secondary Ni

4
Ti

3
precipitates, while a noticeable fraction

of B19′ martensite is still retained.

At the sintering temperature of 850 ° C (sample a), a
relatively high intensity of the martensitic B19′ phase
peaks and a noticeable presence of the Ni

4
Ti

3
intermetallic

phase are observed. This is consistent with SEM/EDS
results indicating chemical inhomogeneity due to local seg-
regation of nickel and copper. Specifically, regions
enriched with nickel up to 53.79 at% were detected, which
promotes the formation of the Ni

4
Ti

3
phase. Such phase

distribution can be attributed to insufficient homogeniza-
tion at this temperature, resulting in incomplete stabiliza-
tion of the B2 phase and its partial transformation into B19′
martensite during cooling.

In contrast, when the sintering temperature is
increased to 900 ° C (sample b), the diffraction pattern is
dominated by intense B2 phase peaks, while the B19′ and
Ni

4
Ti

3
peaks are significantly suppressed. This reflects a

more homogeneous alloy microstructure (Figure 13), as
well as a reduced compositional variability in copper
(ΔCu = 3.05 at%). This phase behavior is driven by
enhanced diffusion processes at the higher temperature,
which promote stabilization of the B2 phase and suppress
nickel segregation.

The presence of the Ni
4
Ti

3
phase in both samples can

be attributed to the kinetics of the SPS process, during
which local nickel enrichment (e.g., in the region of
Spectrum 4) creates favorable conditions for the formation
of this phase during rapid heating and subsequent cooling.
The reduced intensity of the Ni

4
Ti

3
diffraction peaks at

900 ° C confirms improved homogenization, which is con-
sistent with the EDS results showing a decrease in chemical
anomalies. It should be emphasized that the Ni

4
Ti

3
inter-

metallic phase in the investigated samples is present in the
form of finely dispersed precipitates. This is evidenced by
the relatively low intensity and noticeable broadening of
the Ni

4
Ti

3
diffraction peaks in the XRD patterns. Finely

dispersed, coherent or semi-coherent Ni
4
Ti

3
precipitates

in Ni–Ti–Cu alloys play a crucial role in improving the
reversibility of the martensitic transformation, reducing
hysteresis, and enhancing cyclic stability. These precipi-
tates induce elastic stresses and local Ni-depletion in the
matrix, promoting more distinct and reproducible marten-
site–austenite nucleation [36]. Their homogeneous distribu-
tion within grains suppresses dislocation accumulation
during repeated thermal and mechanical cycling, thereby
extending the durability of shape memory and pseudoelastic
behavior [37]. Under high strain rates, Ni

4
Ti

3
precipitation

also raises the transformation stress and stabilizes the trans-
formation [38]. Consequently, optimally formed Ni

4
Ti

3
preci-

pitates may serve as effective regulators of transformation
temperatures, suppress irreversible strains, and ensure stable
and reproducible shape memory performance.

Figure 12: X-ray diffraction patterns of Ni–Ti–Cu alloys after SPS at 850
and ∘

900 C.

Table 3: Results of EDS analysis (SEM) of Ni–Ti–Cu powder

Milling
time (h)

Average particle size
at 650 rpm (μm)

Average particle size at
750 rpm (μm)

0 ±28.7 0.57 ±28.7 0.57

1 ±26.6 0.53 ±15.6 0.31

3 ±9.7 0.19 ±10.5 0.21

5 ±9.0 0.18 ±10.4 0.20

8 ±11.4 0.23 ±21.2 0.42
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The analysis of the relationship between phase composi-
tion and synthesis parameters indicates that increasing the
heating rate from 650 ° C/min to 750 ° C/min – when transi-
tioning from 850 ° C to 900 ° C – promotes more complete
diffusion processes despite the holding time remaining con-
stant (10 min). In addition, increasing the mechanosynthesis
speed to 750 rpm during the preparation of sample b resulted
in finer powder dispersion, enhancing their reactivity during
the sintering process.

Thus, increasing the SPS temperature from 850 ° C to
900 ° C shifts the phase equilibrium toward the austenitic
B2 phase, as evidenced by a more than 40% increase in the
intensity of its corresponding diffraction peaks. At the
same time, the formation of the martensitic B19′ phase
and the Ni

4
Ti

3
intermetallic is suppressed. However, the

residual presence of B19′ even at 900 ° C can be explained
by a combination of factors, including local stresses in
areas with residual porosity and slight deviations from
the nominal stoichiometry of 45Ni–45Ti–10Cu (at%) – in
particular, the average nickel content was found to be
48.64 at%, exceeding the nominal value.

As a technological recommendation for complete suppres-
sion of the B19′ and Ni

4
Ti

3
phases, it is proposed to increase the

SPS temperature to 920–950 ° C and to optimize the

mechanosynthesis parameters to eliminate nickel-enriched local
zones. A comprehensive analysis of the obtained data suggests
that the 900 ° C/10 min regime represents an optimal compro-
mise between microstructural homogeneity, phase purity, and
the technological feasibility of the process.

The surface morphology and elemental distribution in
45Ni–45Ti–10Cu (at%) alloys after SPS were investigated
using SEM and EDS.

Sample 1 (850 ° C, 10 min): The SEM image (Figure 13(a))
reveals a developed porous microstructure with pro-
nounced intergranular voids and heterogeneous contrast,
indicating both phase and chemical inhomogeneity. EDS
analysis (Figure 13(b)–(d)) confirmed the presence of all
primary alloying elements, where Figure 13(b) corresponds
to Ni, Figure 13(c) to Ti, and Figure 13(d) to Cu. The average
elemental composition across six spectra was: Ti –

±38.03 3.89 at%, Ni – ±48.22 3.49 at%, and Cu –

±12.45 1.87 at%. Minor impurities were also recorded: V
– ±0.09 0.21 at%, Cr – ±0.05 0.11 at%, and Fe – ±0.80 0.23

at%, while Si was nearly absent ( ±0.04 0.10 at%). Such
deviations indicate insufficient diffusion homogenization
at this sintering temperature.

According to X-ray diffraction data, this sample shows
a relatively high content of the martensitic B19′ phase. This

Figure 13: SEM image and elemental mapping of the Ni–Ti–Cu after SPS ∘
850 C.
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is consistent with the observed microstructural and che-
mical inhomogeneity, as well as the presence of localized
deformation in porous areas and residual stresses due to
incomplete recrystallization. The locally elevated copper
content promotes stabilization of the B19′ martensite
phase.

Sample 2 (900 ° C, 10 min): This sample (Figure 14a)
is characterized by a dense, uniform structure with a
clearly defined grain morphology and significantly
reduced porosity (SEM analysis indicates a 30–40%
decrease in porosity compared to Sample 1 after SPS at
850 ° C). The increase in sintering temperature enhanced
mass transport, enabling more complete diffusion homo-
genization and recrystallization.

According to the EDS analysis (Figure 14b–d), a mark-
edly improved chemical homogeneity was achieved, where
Figure 14b corresponds to Ni, Figure 14c to Ti, and Figure
14d to Cu. The average composition of the main elements
was: Ti – ±38.32 3.40 at%, Ni – ±48.64 3.78 at%, Cu –

±11.49 1.07 at%. These values are much closer to the nom-
inal composition of NiTiCu compared to Sample 1 (Ti –
38.03 at%, Ni – 48.22 at%, Cu – 12.45 at%).

The variability in copper content significantly
decreased (ΔCu = 2.91 at% versus 6.32 at% in Sample 1).

However, the variation in nickel remained relatively high
(ΔNi = 11.23 at%), due to a single spectrum (Spectrum 7)
with abnormally high Ni content (56.36 at%). Trace
amounts of vanadium (up to ±0.06 0.15 at%, with a max-
imum of 0.40 at% in Spectrum 7) were also detected, con-
firming their localized origin likely from the tooling.

The X-ray diffraction patterns of this sample show
sharp, intense peaks corresponding to the B2 (austenite)
phase, indicating the formation of a well-ordered crystal-
line structure. The reduced intensity of the B19′ marten-
sitic phase peaks compared to Sample 1 reflects the
dominance of the B2 phase (estimated at >85% versus
>60% in Sample 1). This is a direct result of the improved
microstructural homogeneity, reduced internal stresses,
and effective thermal stabilization of the austenite phase
at the elevated sintering temperature.

The density of the samples was measured using the
hydrostatic Archimedes method. After SPS at 850 ° C,
the density was 4260 kg/m3, whereas at 900 ° C, it increased
to 4725 kg/m3. The increase in density indicates a reduction
in residual porosity and is consistent with the microstruc-
tural analysis (Figure 14), which shows improved
grain boundary cohesion and enhanced alloy homogeneity
at 900 ° C. Thus, the comprehensive analysis clearly

Figure 14: SEM image and elemental mapping of the Ni–Ti–Cu after SPS ∘
900 C.
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demonstrates that increasing the SPS temperature from
850 ° C to 900 ° C under otherwise identical conditions
(holding time of 10 min) leads to: (i) the formation of a
dense, low-porosity microstructure with well-defined grain
boundaries; (ii) a significant improvement in the chemical
homogeneity of the alloy, particularly in copper distribu-
tion; (iii) stabilization of the high-temperature austenitic
B2 phase; and (iv) suppression of the martensitic B19′
phase formation.

The primary reason for these observed improvements
is the activation of diffusion processes and recrystalliza-
tion at the elevated temperature, which ensures more com-
plete compositional homogenization and the release of
internal stresses. To achieve the highest possible homoge-
neity and full stabilization of the target B2 phase in
Ni–Ti–Cu alloys, further investigation of SPS regimes
with extended isothermal holding times appears to be a
promising direction.

4 Conclusion

This research presents an integrated method for producing
intermetallic Ni–Ti–Cu SMAs, based on the sequential appli-
cation of mechanosynthesis and SPS. It was established that
the mechanical alloying stage leads to the formation of the
ordered B2–NiTi phase in the powder state, while subsequent
SPS induces the formation of the martensitic B19′–NiTi phase,
indicating the potential for reversible martensitic transforma-
tion in the synthesized materials.

Morphological analysis showed that increasing the
rotation speed during mechanical alloying and raising
the SPS temperature enhance grain formation, improve
interparticle contact, and enable high densification with
a homogeneous microstructure. EDS confirmed a uniform
distribution of nickel, titanium, and copper throughout the
material, which is a critical condition for the stable mani-
festation of functional properties.

The sample produced at a rotation speed of 750 rpm
and an SPS temperature of 900 ° C exhibited optimal struc-
tural and phase organization, characterized by dominant
B2-phase content, high chemical homogeneity, and a dense
structure, all of which provide favorable conditions for
reversible martensitic transformation.

The obtained results demonstrate the high efficiency of
the proposed technological route and its applicability in
the development of thermosensitive actuators, sensors,
and other functional components based on Ni–Ti–Cu
alloys.
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