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Abstract: TisAIC: three-layered ceramics-reinforced copper matrix composites show not only the
strength of the copper matrix but also better wear resistance, all while preserving its conductive
property and, ultimately, reducing the cost of preparation. However, decomposition in Cu-TisAlC2
composites mainly occurs due to the severe interdiffusion of Al and Cu elements from TisAlCz par-
ticle-grain boundaries, leading to the formation of TiCx. This work explored a practical method to
produce Cu reinforced with a TisAlC2 particle which keeps an effective ternary layered structure by
adding a nickel element. Results show that the addition of Ni elements results in a microstructure
composed of TisAlCz, TiCx, NixAl, NixTi, and a Cu(Ni) matrix in the Cu-Ni-TisAlC2 composites. As
the volume fraction of TisAlCz particles increases, the morphologies change from a finely dispersed
reinforcement phase to a continuous network, leading to a reduction in hole number and volume
compared to Cu-TisAlC2 composites. This reduction is especially significant when the volume frac-
tion of TisAlC2 exceeds 50%. The formation of NixAl and NixTi compounds at the grain boundary of
the reinforcement phase after Ni element alloying restricts the diffusion of Al elements. The addition
of Ni elements improves the mechanical properties of the composites.

Keywords: Cu-TisAlCz2 composites; decomposition; microstructure; mechanical properties

1. Introduction

Copper is commonly used due to its excellent ductility, electrical conductivity, and
thermal conductivity, which make it a practical metal [1-3]. However, copper has low
hardness and yield strength and poor creep resistance, limiting its extensive application
in various industries. In order to meet comprehensive requirements, such as higher
strength and conductivity for practical applications, copper needs to be reinforced to pre-
pare copper matrix composites [4,5]. In the past, researchers in the 1960s began investi-
gating the addition of ceramics to copper to create copper matrix composites. These com-
posites are primarily known for their outstanding electrical and thermal conductivity, as
well as their favorable friction properties [6,7].

With the advancement of aerospace and industrial construction, the demands for
contact materials have increased [8]. These requirements encompass improved mechani-
cal properties, electrical conductivity, and friction and anti-wear properties. Traditional
copper and its alloys have been found insufficient for extreme service conditions. As a
result, copper matrix composites have emerged as a replacement [9].

The resulting copper matrix composites not only retain the advantages of copper but
also address its limitations [10]. These composites possess high strength, electrical and
thermal conductivity, similar to pure copper, and exhibit good resistance to arc erosion
and corrosion [11]. The reinforcement mechanism of these newly developed composites
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involves transferring the deformation load from the metal matrix to the reinforced phase,
leading to improved mechanical properties compared to the matrix. Currently, research
and applications in reinforcing copper matrices involve oxides (such as Al2Os and ZrOz)
[12,13], carbides (such as SiC, Bs«C, TiC, and WC) [9,14-19], nitrides (such as SizsNs and
AIN) [4], borides (such as TiB and TiB2) [20], as well as other substances like silicides and
carbon materials [21,22]. Furthermore, researchers have recently begun to explore the
combination of a copper matrix with the exceptional properties of three-layered MAX ce-
ramics, including materials such as TisAlC», TisSiCz, TisSnCz, and others [23-28].

The dispersion of the enhanced phase not only enhances the strength of the copper
matrix but also improves the material’s wear resistance, while maintaining its conductiv-
ity. This leads to a reduction in the cost of preparation. In particular, the Cu-TizAlC2 com-
posites have garnered significant attention from scholars due to TisAlC2’s low density,
high modulus, excellent electrical conductivity, self-lubrication, and a closely matched
thermal expansion coefficient with copper [29-31]. These composites improve both
strength and modulus, enhance wear resistance, and retain the electrical conductivity of
copper. As a result, they hold great potential for a wide range of applications.

In previous studies, it was found that Cu-TisAlC2 composites consist of TisAICz, TiCx,
and the copper matrix [32-36]. As the volume fraction of TisAlCz particles increases, the
microstructure transitions from a fine dispersed distribution to a continuous network dis-
tribution. Consequently, the number of pores and decomposed TisAlCz also increases. The
decomposition in Cu-TisAlC2 composites primarily occurs due to the significant interdif-
fusion of aluminum (Al) and copper (Cu) elements at the grain boundaries of TisAlCz,
resulting in the formation of TiCx [30,31]. Eventually, a large amount of TisAlC2 decompo-
sition and spalling occurs along the grain boundaries. The decomposition process exhibits
both advantages and disadvantages, much like a double-edged sword. On one hand, it
increases hardness and interfacial wettability, but on the other hand, it decreases conduc-
tivity, tribological properties, and strength. Overall, the decomposition of TisAlC2 proves
to be detrimental to industrial applications. To prevent this decomposition, a nickel (Ni)
element can be introduced to react with titanium (Ti) and aluminum (Al) in TisAlCz, form-
ing compounds like NixTi and NixAl. The addition of nickel into the copper matrix
through interdiffusion, solid solution, or reaction with another element shows promise in
modifying the microstructure.

The objective of this study was to develop a practical method for the production of
Cu reinforced with TisAlC2 particles, while maintaining the effective ternary-layered
structure by incorporating a nickel (Ni) element. The research conducted microstructure
analysis, phase composition analysis, and energy spectrum analysis of Cu-Ni-TisAlC2
composites with varying volume fractions of TisAlC2 (10%, 30%, 50%) to understand the
anti-decomposition mechanism of the TisAlC: phase. The study also examined the degree
of decomposition of the TisAlCz phase in Cu-TisAlC2 composites and investigated how Ni
modifies the interface of the Cu-TisAlC2 composite. Additionally, the study evaluated the
hardness and bending strength of Cu-TizAlC2 composites and Cu-Ni-TizAlCz2 composites,
while discussing the influence of Ni on the overall properties of Cu-TisAlC2 composites.

2. Materials and Methods

The Cu-Ni-TisAlC2 composite used in this study consists of commercially available
TisAlC2 powder, Ni powder, and Cu powder. Figure 1 shows the surface morphology of
the raw powders used. The Cu particles have a small pit, a spheroidal shape, and a diam-
eter of 38 um. The Ni particles have a smooth surface, a spheroidal shape, and a diameter
of 45 um. On the other hand, the TisAlC: particles have a rough surface and an irregular
shape, providing useful sites for the adsorption of particles and nanoparticles. The particle
size of TisAlC2 is approximately 74.5 pm.
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Figure 1. SEM images and XRD of the raw materials. (a) Cu powder; (b) Ni powder; (c) TisAlC:
powder; (d) XRD results of TizAlCa.

The preparation of Cu-Ni- TisAlC2 composites involved several steps, including mix-
ing, compacting, sintering, re-compacting, and re-sintering. Firstly, the three raw powders
(Cu, Ni, and TisAlC2) were uniformly mixed for 2 h at a speed of 200 rpm. The mixed
powders were then placed into a cold pressing die and compacted under a pressure of 600
MPa. The resulting green compact samples had a size of ®44 x 5 mm. Next, the green
compact samples were sintered at a temperature of 850 °C for 1.5 h in a vacuum. After
sintering, the samples underwent re-compaction under a pressure of 600 MPa. This was
followed by re-sintering at a temperature of 850 °C for 0.5 h in a vacuum. According to
previous studies, the nickel content in the Cu-Ni-TisAlC2 composites was determined to
be 8 wt.% as the optimal composition. The compositions of the Cu-Ni-TisAlC2 composites
were designed as shown in Table 1. Additionally, for comparison purposes, Cu-TizAlCz
composites were also prepared.

Table 1. Chemical composition of Cu-based self-lubricating materials.

Sample TisAlC2/Vol.% Ni/wt.% Cu/wt.%
Ni-Al10 10 8 Bal.
Ni-AlI30 30 8 Bal.
Ni-Al50 50 8 Bal.
Al10 10 / Bal.
Al30 30 / Bal.
Al50 50 / Bal.

The microstructure of the samples was analyzed using scanning electron microscopy
(SEM), energy-dispersive spectroscopy (EDS), and X-ray diffraction (XRD). The SEM and
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EDS analyses were performed using a Gemini 500 microscope, Zeiss, Oberkochen, Ger-
many. The SEM analysis utilized an aluminum-body sample holder which is coated by 3
mm PTFE protector, while the EDS analysis was conducted using VEGA II analyzer,
TESCAN, Brno, Czech. XRD analysis was carried out using a D8 Advance instrument,
Bruker, Billerica, MA, USA, with a scanning step of 0.2°. The Vickers hardness of the sam-
ples was tested using a pressing force of 10 gf and a loading speed of 0.2 mm/s for a du-
ration of 10 s. The hardness tester used in this research can obtain the hardness value
directly through the software after pressing in, and each specimen is tested 10 times, and
the average value is calculated to ensure the accuracy and reliability of the test data. The
flexural strength tests were carried out on an CMT5305, MTS, Minnesota, USA, universal
mechanical testing machine with a fixture loading speed of 0.5 mm/min. The flexural
strength experiment was conducted using samples measuring 5 mm x 3 mm x 20 mm,
with a loading speed of 0.2 mm/min. The corresponding strength was calculated by Equa-
tion (1). Each sample was tested three times, and the average value was calculated to en-
sure the accuracy and reliability of the test data.
3FL

= oo (1)
where ob is the bending strength, F is the maximum load, L is the span distance, d and h
are the width and height of the specimen, respectively.

Op

3. Results and Discussion
3.1. Microstructure Analyses

Figure 2 shows the SEM morphologies of Ni-Al10, Ni-Al30, and Ni-Al50 composites,
respectively. In the SEM images, the light grey phase corresponds to the copper matrix,
while the dark grey particles represent the TisAlCz phase. The TisAIC: particles can be
clearly observed distributed on the copper matrix. In Figure 2a, where the volume fraction
of TisAlCz is 10%, the TisAIC: particles are dispersed on the Cu matrix. Some TisAlC: par-
ticles detach from the matrix, forming fine defects in the SEM image. However, the num-
ber and volume of defects are reduced compared to the Cu-TisAlC2 composites shown in
Figure 2a. This indicates an improvement in the interfacial bonding strength. The XRD
results in Figure 2b confirm the formation of TiCx resulting from the decomposition of
TisAlCz2. As the volume fraction of TisAlCz is increased to 30% in Figure 2c¢, the TisAlCz
particles are distributed continuously in chunks on the matrix. The number and volume
of defects are significantly reduced compared to the Cu-TisAlC2 composites shown in Fig-
ure 2¢, further enhancing the interfacial bonding strength. The XRD results in Figure 2d,f
reveal the presence of NixTi and NixAl in the microstructure, which are a result of adding
an Ni element to the composites. When the volume fraction of TisAlC: is increased to 50%
in Figure 2e, the TisAlCz particles form a continuous network pattern on the matrix. Fine
dispersed defects can be observed in the SEM image, but they are significantly fewer com-
pared to the Cu-TisAlC2 composites. This indicates a significant improvement in interfa-
cial bonding strength. Although defects still exist after the addition of the Ni element al-
loying process, their number and volume are significantly reduced.
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Figure 2. SEM and XRD results of the Cu-Ni-TisAlC2 composites. (a) SEM image of Ni-Al10; (b) XRD
results of the Ni-Al10; (¢) SEM image of Ni-Al30; (d) XRD results of the Ni-Al30; (e) SEM image of

Ni-Al50; (f) XRD results of the Ni-Al50.

The XRD patterns of the Al10, Al30, and Al50 composites are shown in Figure 3. In
the XRD patterns of the Al10 and Al30 composites (Figure 3b,d), the phases detected are
Cu, TisAlC2, and TiCx. The presence of the TiCx peak is attributed to the reaction of Cu
with TisAlC: particles and the diffusion of Al atoms into the matrix, leading to the for-
mation of TiCx. In the XRD pattern of the Al50 composite (Figure 3f), the phase analysis
based on peak detection includes Cu, TisAlCz, TiCx, and ALTi. The appearance of TiCx is
similar to that in the Al10 composite. The formation of the AL:Ti phase is attributed to the
reaction between Al and Ti in the TisAlC: particles at high temperature. Therefore, during
the sintering process of Cu-TisAlC2 composites, the role of TisAlCz particles in copper can
be understood. Decompositions occur in the lower part of Cu, leading to the formation of
TiCx as Al atoms diffuse into the matrix. When the volume fraction of TisAlC2 reaches 50%,
the reaction between Al and Ti within TisAlCa particles results in the formation of the ALTi

phase.
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Figure 3. SEM and XRD results of the Cu-TisAlC2 composites. (a) SEM image of Al10; (b) XRD results
of the Al10; (c) SEM image of Al30; (d) XRD results of the Al30; (e) SEM image of Al50; (f) XRD
results of the Al50.

The surface EDS mapping analysis of Ni-Al10, Ni-Al30, and Ni-Al50 composites is
shown in Figure 4, respectively. As shown in the images at high magnification, there is
still porosity in Cu-Ni-TisAlC2 composites, but in comparison to the Cu- TisAlC2 compo-
site, the porosity has been alleviated. In the surface EDS mapping results, a Cu element is
indicated by blue, a Ti element is indicated by green, an Ni element is indicated by black,
and an Al element is indicated by yellow. In the EDS spectrum of an Ni-Al10 composite
(Figure 4b), Cu is mainly found in the matrix, and a small amount is diffusing into TisAlCa.
Ni is found in both the reinforcement phase and the matrix, Ti is mainly found in the
reinforcement phase TisAlCs, and Al is mainly found in the reinforcement phase TizAlCo.
It is more prominently found in the phase boundary, and a small amount is diffusing into
the matrix. In the EDS spectrum of the Ni-Al30 composite (Figure 4d), Cu is mainly found
in the matrix, partially diffusing into TisAlCs, Ti is mainly found in the reinforcement
phase TisAlCz2, and Al is concentrated at the phase boundary and partially diffusing into
the matrix. In the EDS spectrum of the Ni-Al50 composite (Figure 4f), it can be seen that
in comparison to the Ni-Al10 and Ni-Al30 composites, Cu is found to a greater extent in
the reinforcement phase, and Al is diffusing more into the matrix, which is mainly found
at the phase interface. The Ni element is more prominently found in the matrix. It can be
concluded that after the addition of Ni element alloying, as the volume fraction of TisAlC2
particles increases from 10% to 30% and then to 50%, Cu is mainly found in the matrix.
The degree of diffusion to the reinforcement phase gradually increases, and Ti is mainly
found in the reinforcement phase. The Al diffusion degree into the matrix was found to
increase with the increase in the content of the reinforcement phase.
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Figure 4. High magnification SEM and EDS mapping results of the Cu-Ni-TisAlC2 composites. (a)

SEM image of Ni-Al10; (b) EDS results of the Ni-Al10; (c¢) SEM image of Ni-Al30; (d) EDS results of
the Ni-Al30; (e) SEM image of Ni-Al50; (f) EDS results of the Ni-Al50.

The surface EDS mapping analysis of the Ni-Al10, Ni-Al30, and Ni-Al50 composites
is shown in Figure 4. At high magnification, it is evident that there is still some porosity
present in the Cu-Ni-TisAlC2 composites. However, compared to the Cu-TisAlCz2 compo-
site, the porosity has been alleviated. In the surface EDS mapping results, different ele-
ments are represented by different colors: Cu (blue), Ti (green), Ni (black), and Al (yellow).
In the EDS spectrum of the Ni-Al10 composite (Figure 4b), Cu is primarily found in the
matrix, with a small amount diffusing into TisAlCz. Ni is detected in both the reinforce-
ment phase and the matrix, while Ti is mainly found in the reinforcement phase TisAlC>.
Al is mainly concentrated in the reinforcement phase TisAlCz, particularly at the phase
boundary, with a small amount diffusing into the matrix. In the EDS spectrum of the Ni-
Al30 composite (Figure 4d), Cu is mainly detected in the matrix, partially diffusing into
TisAlCz. Ti is predominantly found in the reinforcement phase TisAlCz, and Al is concen-
trated at the phase boundary, partially diffusing into the matrix. In the EDS spectrum of
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the Ni-Al50 composite (Figure 4f), compared to the Ni-Al10 and Ni-AlI30 composites, Cu
is more prominently found in the reinforcement phase. Al has a greater diffusion into the
matrix, primarily located at the phase interface. The Ni element is more abundant in the
matrix. In conclusion, with the addition of Ni element alloying, as the volume fraction of
TisAlC2 particles increases from 10% to 30% and then to 50%, Cu is primarily found in the
matrix, with an increasing degree of diffusion to the reinforcement phase. Ti is mainly
detected in the reinforcement phase, while the diffusion of Al into the matrix increases as
the content of the reinforcement phase increases.

3.2. TisAIC: Reinforcement Phase and the Interface

Upon further magnification of the microstructure of the composites, it was observed
that the TisAlC: reinforcement phase exhibited fractures and a loose state. In order to un-
derstand this phenomenon, EDS analyses specifically targeting the TisAlC: particles were
performed for the Ni-Al10, Ni-Al30, and Ni-Al50 composites. The results of these analyses
are presented in Figures 5, 6, 7, and 8, respectively. Examining the Ni-Al10 composite in
Figure 5, it is apparent that the TisAlCz reinforcement phase is not in the form of complete
particles. Furthermore, there is no apparent transition layer observed between the TisAlCz
particles and the matrix. Interestingly, new phases were detected within the TisAlCz par-
ticles. The Cu element was predominantly distributed in the matrix, with only a minor
amount of diffusion into the reinforcement phase. The Ti element exhibited a mainly con-
centrated distribution in the reinforcement phase, but a small amount was diffusing into
the matrix as well. In contrast, it was observed that the Al element had diffused exten-
sively, resulting in a significant presence within the matrix. The Ni element, on the other
hand, was not only entirely dissolved in the Cu matrix but also dispersed throughout the
reinforcement phase. This analysis provides insights into the microstructure of the Ni-
Al10 composite and highlights the complex distribution and interaction of various ele-
ments within the composite system.
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(e) (f)

Figure 5. SEM and EDS mapping results of the TisAlCz particle in Ni-Al10. (a) SEM image of the
TisAlC2 particle in Ni-Al10; (b) EDS results of Cu element; (c) Ti element; (d) Al element; (e) C ele-
ment; (f) Ni element.

In the Ni-Al10 composite, EDS analyses were conducted at three specific points rep-
resented as point 1 and 2 in the reinforcement phase, and point 3 in the matrix, as shown
in Figure 6. The composition of the materials was determined by obtaining the mass per-
centage and atomic percentage of elements C, Al, Ni, Ti, and Cu, as summarized in Table
2. At point 3, located in the Cu matrix, the atomic percentages of Cu, C, Al, and Ni are
70.25%, 27.9%, 1.36%, and 1.29%, respectively. It is observed that the content of Al in the
reinforcement phase is higher than that in the matrix. However, the complete prevention
of TisAlC2 decomposition by Ni has not been achieved, and the diffusion of the Al element
into the matrix has not been completely inhibited. Point 2 is situated in the reinforcement
phase. The atomic percentages of Ti and Ni are 20.82% and 5.46%, respectively, with a
carbon content of 29.33%. These results indicate that Ni has diffused into the reinforce-
ment phase, corroborating the earlier analyses. The high content of Ti suggests that its
diffusion is minimal, while the Al and Cu contents are 10.29% and 34.11%, respectively.
XRD analysis confirms the absence of an AlxTi phase at point 2, implying that the phase is
likely to be NixAl and NixTi compounds. At point 1, located in the reinforcement phase,
the atomic percentage of Ti is higher (36.32%), while the Al content is lower (1.12%). Con-
versely, the Cu and C contents are higher (21.95% and 40.62%, respectively). These obser-
vations suggest that the phase at point 1 is composed of NixTi compounds. These EDS
results provide further insights into the elemental compositions at different points within
the Ni-Al10 composite, shedding light on the distribution and interactions of elements in
the composite system.

Figure 6. High magnification SEM of the TisAlC:z particle in Ni-Al10 (1, 2,3 points are test area).
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Table 2. Chemical composition of EDS point results in Figure 6.
. C Al Ti Ni Cu
Piont

at.% wt.% at.% wt.% at.% wt.% at.% wt.% at.% wt.%

1 40.62 13.36 1.12 0.82 36.32 7.63 / / 2195 38.19
29.33 8.56 10.29 6.75 20.82 4.23 5.46 7.79 3411 52.67

3 27.90 6.64 1.36 0.75 / / 1.29 1.55 7025 91.70

In conclusion, the EDS point analysis of the TisAIC2 particles has provided valuable
insights. It has been observed that Cu has diffused into the reinforcement phase, while Ni
has diffused into the matrix of the reinforcement phase [27]. Additionally, Ti has shown a
degree of diffusion into the matrix, while C has exhibited significant diffusion intensity.
The content of Al is relatively low in the Cu matrix but higher in the reinforcement phase.
These findings suggest that the presence of Ni delays the diffusion of Al from the TisAlC2
particles.

In the Ni-Al30 composites, as observed in Figure 7, the reinforcement phase exhibits
a loose structure, with the presence of new phases within the TisAlC: particles and be-
tween the reinforcement phase and the matrix. Cu is predominantly distributed in the
matrix, with only a small amount diffusing into the reinforcement phase. In contrast, Ti is
mainly distributed in the reinforcement phase, with a minor diffusion into the matrix.
While the diffusion of the Al element to the matrix is still significant compared to the Ni-
Al10 composite, it is reduced in comparison. Notably, the Ni element is detected in both
the matrix and the reinforcement phase. These observations provide insights into the dis-
tribution and diffusion behavior of different elements in the Ni-Al30 composites.
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(e) (f)
Figure 7. SEM and EDS mapping results of the TisAlCz particle in Ni-Al30. (a) SEM image of the

TisAlCz particle in Ni-Al30; (b) EDS results of Cu element; (c) Ti element; (d) Al element; (e) C ele-
ment; (f) Ni element.

In the Ni-Al50 composites, as depicted in Figure 8, the reinforcing phase also demon-
strates a loose structure, accompanied by the presence of new phases within the TisAlCz
particles and at the boundary between the reinforcement and the matrix. The distribution
of Cu is primarily concentrated in the matrix, with only a minor amount diffusing into the
reinforcement phase. Similarly, Ti is predominantly distributed in the reinforcement
phase, with a small diffusion into the matrix. Although the diffusion of the Al element into
the matrix is still significant, it is relatively lower compared to the Ni-Al10 composite.
Interestingly, the Ni element is detected in both the matrix and the reinforcement phase.
Furthermore, the porosity of the composites, which represents the relative density, was
measured using Archimedes’ principle. The porosity values for Ni-Al10, Ni-Al30, and Ni-
Al50 composites are 10.2%, 8.5%, and 5.5%, respectively. In comparison, the porosity val-
ues for Al10, Al30, and Al50 are 14.2%, 12.7%, and 10.6%, respectively. These measure-
ments provide information about the relative densities and porosities of the different com-
posite samples.
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(e) (f)

Figure 8. SEM and EDS mapping results of the TisAlCz particle in Ni-Al50. (a) SEM image of the
TisAlCz particle in Ni-Al50; (b) EDS results of Cu element; (c) Ti element; (d) Al element; (e) C ele-
ment; (f) Ni element.

To investigate the interface between the reinforcement phase and the matrix in the
Cu-Ni-TisAlC2 composites, as well as the phase composition of the TisAlC: particles, an
EDS line test was conducted on the cross section of the particle and the Cu matrix in the
Ni-Al10 composite. The microstructure was further magnified for analysis, and the results
are presented in Figure 9. According to the analysis, Cu is primarily distributed in the
matrix, with a smaller amount present in the reinforcement phase. The content of Cu de-
creases sharply at the interface between the reinforcement phase and the matrix. On the
other hand, Ti is predominantly distributed in the reinforcement phase, with a negligible
quantity in the matrix. The content of Ti drastically drops at the interface between the
matrix and the reinforcement phase, exhibiting a decrease at one point and an increase at
two other points. Al is found in both the matrix and the reinforcement phase, indicating
ongoing decomposition of TisAlC: particles and infiltration of Al elements into the Cu
matrix. The content of Al reaches a peak at one point and exhibits valleys at two other
points. Additionally, Ni elements are detected in both the reinforcement phase and the
matrix. The content of Al element is greater at point 1, while the content of Ti element is
higher at points 1 and 2. Preliminary analysis suggests that the phase at point 1 corre-
sponds to the NixAl compound, while the phase at point 2 corresponds to the NixTi com-
pound. These findings provide initial insights into the phase composition at different
points within the Ni-Al10 composite, revealing the distribution of various elements and
suggesting the presence of specific compounds at specific locations.
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Figure 9. SEM and EDS line results of the interface. (a) SEM at low magnification; (b) SEM at low
magnification (1, 2 points are test area); (¢) EDS line results.

4.,

3.3. Mechanical Properties

Figure 10a illustrates a comparison of the microhardness between Cu-Ni-TisAlCz and
Cu-TisAlCz2 composites. The microhardness values of both composites exhibit an increase
as the volume fraction of TisAlC: increases. This can be attributed to the diffusion of the
Al element, which leads to an increase in the content of TiCx. Notably, the hardness of
both TiCx and TisAlC: is higher than that of the Cu matrix. Additionally, when the TisAlC2
content is 10%, the inclusion of Ni results in an increase in hardness. This is because the
addition of Ni strengthens the Cu matrix, and Ni exhibits fewer reactions with the Al and
Ti elements, causing a slight elevation in hardness. However, the situation changes when
the TisAlCz content reaches 30% and 50%. In these cases, the introduction of Ni actually
reduces the hardness of the composite materials.
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Figure 10. Mechanical properties. (a) Hardness; (b) Flexural strength.
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Figure 10b presents a comparison of the flexural strength between Cu-Ni-TizAlCz2 and
Cu-TisAlCz composites. The flexural strength of both composites demonstrates a decrease
as the volume fraction of the reinforcement phase TisAlC: increases. This reduction can be
attributed to the poor wettability between the reinforcement phase and the matrix, leading
to a weakening of the bonding interface. As a consequence, the loss of the reinforcement
phase contributes to the formation of pores. Under applied loads, stress concentration ac-
celerates crack propagation, leading to a deterioration in performance. The effect of Ni
alloying on bending strength varies. The Ni element can contribute to solution strength-
ening, and an increased nickel content generally enhances the strength. For the 10% Cu-
Ni-TisAlC2 composite, the flexural strength decreases significantly from 213.31 MPa to
170.15 MPa. However, the flexural strength of the 30% and 50% Ni composites increases
considerably to 92.69 MPa and 84.23 MPa, respectively. Specifically, the flexural strength
of Cu-Ni-TisAlC2 composites decreases when the TisAIC: content is 10%. This is due to the
addition of Ni, which inhibits Al diffusion and reduces the content of TiCx. As TiCx pos-
sesses better mechanical properties than TisAICz, the flexural strength is reduced. On the
other hand, the addition of 30% and 50% TisAlC2 forms a new phase on the grain bound-
ary of the Cu-Ni-TisAlC2 composite. This new phase effectively connects the TisAlCz par-
ticles and the Cu matrix, improving the interface bonding strength of the reinforcement
phase. Consequently, this reduces the volume and number of pores, ultimately enhancing
the flexural strength. The most significant increase in flexural strength is observed when
the TisAIC2 content is 50%, where it increases from 33.78 MPa to 84.23 MPa upon the in-
clusion of the Ni element.

3.4. Mechanism of Anti-Decomposition of Ni Element

The mechanism behind the anti-decomposition effect of the Ni element in Cu-Ni-
TisAlCz2 composites can be elucidated through the analysis of surface morphology, phase
composition, and energy spectrum, as presented in Figure 11. Figure 11a illustrates the
initial stage, where the Ni element is solely dissolved in the Cu matrix. As the Al and Ti
elements diffuse into the Cu matrix, the Cu and Ni elements migrate toward the TisAlC:
reinforcement phase. Simultaneously, the Al element spreads to the grain boundary, re-
sulting in the formation of a Cu(Al) solid solution within the matrix. At the interface, the
reinforcement phase undergoes the formation of TiCx. Furthermore, Ni, Al, and Ti ele-
ments that penetrate the reinforcement phase form NixAl and NixTi compounds on its
grain boundary, as demonstrated in Figure 11c. This process effectively hinders the diffu-
sion of Al elements and strengthens the binding force at the interface.

Cu(N1) Cu(Ni)

(b)
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Figure 11. The mechanism of anti-decomposition of Ni element in Cu-Ni-TisAlC2 composites. (a)
Initial stage; (b) Diffusion stage; (c) Reaction stage; (d) Final stage.

4. Conclusions

Based on the study, the following conclusions were drawn regarding the Cu-Ni-
TisAlCz2 composites:

1. The addition of Ni elements results in a microstructure consisting of TisAlCz, TiCx,
NixAl, NixTi, and a Cu(Ni) matrix in the Cu-Ni-TisAlC2 composites. As the volume
fraction of TisAlC: particles increases, the morphology changes from a finely dis-
persed reinforcement phase to a continuous network. This leads to a reduction in the
number and volume of pores compared to Cu-TisAlC2 composites. This reduction is
particularly significant when the volume fraction of TisAlCz exceeds 50%.

2. The formation of NixAl and NixTi compounds at the grain boundary of the reinforce-
ment phase, after the addition of Ni elements, restricts the diffusion of Al elements.
This mechanism contributes to the anti-decomposition effect of Ni in Cu-Ni-TisAlCz
composites.

3. The addition of Ni elements improves the mechanical properties of the composites.
In terms of hardness, composites with low TizAlC2 content experience enhanced
hardness, while those with high TisAlCz content may exhibit a slight decrease. Re-
garding bending strength, composites with low TisAlCz content show a decrease,
while those with high content show a significant improvement. Notably, composites
with a TisAIC2 content of 50% experience a significant increase in flexural strength,
rising from 33.78 MPa to 84.23 MPa upon the addition of Ni elements.

Overall, the results suggest that the addition of Ni elements in Cu-Ni-TisAlC2 com-
posites leads to improved microstructural characteristics, enhanced mechanical proper-
ties, and a modification effect, which can be beneficial for various applications requiring
high strength and stability.
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