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Abstract

High strength and good conductivity are both critical parameters for copper-based alloys for
electrical and other technological applications. This study is aimed to produce copper alloys
and metal matrix composites (MMCs) with enhanced physical properties. Cu-Ti-Ni ternary
alloys and MMCs samples were sintered at 600 to 700°C using spark plasma sintering (SPS),
with a heating rate of 100°C/minutes, uniaxial pressure of 50 MPa, and a holding time of 10
minutes. Scanning electron microscopy (FE-SEM) was used to examine the microstructure,
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while the relative densities of the composites were obtained via the Archimedes Principle
method. A four-point probe and differential thermal analyzer (DTA) obtained electrical
resistivity and thermal properties. The results indicated that the sample density nominally
increases with sintering temperature but decreases with aluminium nitride additions. The
electrical conductivity increases with the sintering temperature and AIN nanoparticle content.
Distinct phase changes were observed from the DTA, occurring with the addition of AIN.
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1. Introduction

Copper-based alloys have been shown to possess good corrosion resistance, thermal
conductivity, and electrical conductivity. Concerning the advancement of high-end technological
industries, the demand and interest for these excellent properties of copper alloy have increased
tremendously. Based on the previous, different copper-based metal matrix composite (MMCs)
materials have evolved due to this demand [1-3]. Notably, the basic requirements for these copper
group matrix composites are high strength and good conductivity [4-6]. Meanwhile, the alloys used
for commercial electrodes are mainly CuCr, CuCrZr and BeCu. Copper-based electrodes need
constant maintenance and frequent replacement, which decreases production efficiency and
increases production costs. Therefore, the advancement of the copper metal matrix composite as
electrode materials is of high importance [7, 8], and studies have shown that such composites can
be prepared using various methods such as thermochemical [9, 10], in-situ synthesis [11], electro-
metallurgical, cold deformation [12-14], and rapid condensation [15]. Most of these techniques are
still at the initial stage and are far from the industrial-production level. Remarkably, the distribution
of second-phase ceramic particles is not usually uniform within the matrix, and the requirement of
high-temperature thermal stability is often difficult to attain. Meanwhile, powder metallurgy is a
well-established formation process, and the distribution of second-phase reinforcement particles is
comparatively uniform. If a proper optimization process is adopted, it can be used to prepare low-
cost composites with improved mechanical and thermal properties.

Aluminium nitride (AIN) ceramic nanoparticle material is the most reasonable choice for matrix
reinforcement without significantly reducing its electric conductivity. In recent times, the use of
aluminium nitride has gained interest, and this is mainly because of its impressive attributes such
as high thermal conductivity, good dielectric properties, high flexural strength, and high thermal
expansion coefficient, which are all comparable to that of silicon [16]. AIN is stable in inert
atmospheres at temperatures above 2000°C. These unique combinations of properties make
aluminium nitride an advanced ceramic material for many future critical applications. Moreover, its
non-toxic nature makes it a suitable alternative to beryllium [16-18]. Beryllium is widely applied in
structural applications due to its low density, high flexural rigidity, thermal stability, and
conductivity, making it a desirable aerospace material. However, it is a severe health and safety
issue because exposure can lead to chronic diseases [19].
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Meanwhile, studies have indicated that the addition of 2-5 wt. % AIN to copper increases its
Brinell hardness and, subsequently, the strength of the resulting binary alloy [17]. For this study,
aluminium nitride is considered the optimum choice for the Cu-Ti-Ni ternary matrix, and it is
expected that its addition will significantly strengthen the composite and enhance its thermal
stability while sustaining its electrical and thermal conductivity. In recent years, beryllium copper
(Be-Cu) alloys have been considered the most viable for the design of high-temperature conducting
devices. This is due to their strength, high thermal conductivity, and good mechanical properties at
elevated temperatures. Their utilization was, however, limited by the health hazards associated
with their production [19]. Hence, there is a need to investigate other copper-based systems as
alternatives for the design of high-temperature conducting devices. Also, combining different vital
properties in the same or single component is usually impossible with monolithic materials or alloys
due to the trade-off effect [18, 19].

This study is conceptualized to adopt the spark plasma sintering technique to prepare the Cu-
based MMCs with enhanced physical properties. The need to develop materials with novel internal
structures and intricate geometries that traditional manufacturing cannot achieve has led to recent
advancement. A typical example is the development of functionally graded materials (FGM), in
which the material's properties are continuously graded along a specific direction via changes in
composition and microstructure [20, 21]. The formation of diverse chemical compositions and the
phase distribution of microstructure within a single material allow flexibility, and it represents a new
research concept in the design of advanced engineering components [20, 21]. It will enable the
ability to combine irreconcilable properties in the same components, which may not be possible
with monolithic materials. Property distribution is needed in various typical products and
applications with mutually exclusive requirements to provide multi-functional characteristics [20,
22-24]. The usual example of this phenomenon is found in the turbine blade, in which the blade
core must be tough enough to withstand heavy dynamic loading. At the same time, its surface must
have high thermal stability to withstand the high temperatures encountered during service [20, 21,
25]. Therefore, this study is methodized to enhance Cu-Ti-Ni ternary alloy's mechanical, electrical,
and thermal stability by adding aluminium nitride ceramic using spark plasma sintering.

2. Methodology
2.1 Materials and Methods

Pure Cu powder (Centerline, Canada), Ti, Ni, and AIN powder (Sigma-Aldrich, Germany) were
used as the constituents for the alloys, and their physical properties are given in Table 1. The powder
mixtures were mild-milled using a tubular mixer (Tubular T2C Shaker-Mixer); added therein are 10
mm stainless steel balls as grinding media for uniform and optimal homogenization, mainly because
of the ceramic AIN powder in the mixture. The ceramic AIN nanoparticle powder tends to
agglomerate when exposed to air. The powder mixing was done under normal atmospheric
conditions with a powder ratio (BPR) and milling time of 6:1 and 10 hours, respectively. The SPS
machine (KCE-FCT-HHPD 25, Germany) used for sample preparation was set at the following
operating parameters: vacuum pressure of 0.605 mbar (46.09%), relative pressure of 0.05 mbar,
and absolute pressure of 1.2 mbar. The powder compaction was done using a sintering pressure of
50 MPa for all samples, while the isothermal temperature was varied from 600 to 700°C. Heating
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rate and dwelling time of 100°C/m and 10 min were used, respectively. The sample dimension
designed and obtained after sintering is 5 by 30 mm.

Table 1 Physical properties of the starting powders.

Powder Particle size Density (g/cm3) Purity (%)

Cu 40 um 8.96 99.9
Ni 45-90 um 8.91 99.9
Ti 45-90 pm 4.50 99.9
AIN 100 nm 3.26 99.5

2.2 Characterizations Details

The elemental and microstructural analysis of the composite and alloy samples was done using
a field emission scanning electron microscope (FE-SEM) equipped with an EDX probe (Hitachi,
SU8010). The densities of the specimen were measured after sintering using the Archimedes
principle. In contrast, the relative densities were obtained by comparing the theoretical and actual
densities before and after sintering. The SEM analysis was done with the following parameters:
acceleration voltage of 20 kV, beam intensity of 14, and working distance of 15 mm, while the scan
type is BSE. Analysis and characterization were done on metallographic samples prepared by
grinding and polishing using SiC abrasive paper of grit size from P120 to P1200, with final polishing
with the diamond solution. The images were taken on the etched samples after polishing. The
etching was done with ferric chloride solution immersion for 15 minutes at room temperature (25°C).
A differential thermal analyzer (DTA 404 Eos) was utilized for the thermal analysis. A sample mass
of 5 mg was used for the DTA, and the experiment was carried out under normal atmospheric
conditions. The temperature steps are as follows: Start at 30°C, Stop at 1200°C. The heating and
data acquisition rates are 20 K/min and 100 pts/min, respectively. A four-point probe and electrical
conductivity tester (HP2662, China) were used for the alloy samples. The current source was set at
100 mA and a speed of seven times/min. The conductivity test sample had a length of 20 mm x 20
mm and a thickness of 1.5 mm. The resistivity values obtained were converted to conductivities by
using the inverse data.

3. Results and Discussions
3.1 Densification Properties

Compaction was performed on the mild-milled Cu-based alloy and composite powders using
spark plasma sintering. The sintering, composition and densification parameters are presented in
Table 2. The variation of the measured relative density (%pre) is observed to vary with composition
and temperature, and it is shown that the relative density increases monotonously with sintering
temperature. Increased relative density indicates suppressed porosity brought about by increasing
sintering temperature. Yang and Conrad [26, 27] found a simultaneous increase in densification
rates and reduced final grain sizes in yttria-stabilized zirconia samples prepared using SPS. The grain
growth suppression requires an applied electric field in direct electrical contact with the
consolidated powder sample, producing Joule heating via the electric current across the grain
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interfaces [26]. It should be noted that the previous is mostly achievable in the spark plasma
sintering process partly because of lower procedural duration. However, the relative density of the
specimens containing AIN ceramic reinforcement appears lower than those of pure metal alloys.

Meanwhile, a maximum relative density value of 98.62% was obtained for the Cu-based alloys at
700°C. Therefore, using optimised processing conditions, it is possible to sinter the AIN-reinforced
metal matrix composites with enhanced physical properties. The theoretical density is calculated
using the following equation.

1 [MCu_I_MTi +MNi

1
P;_ Pcu  Pri pNi]loo

(1)

Where pw is theoretical density, while p and M are the normal density and wt.%, respectively.

Table 2 Compositions and densification properties of sintered samples.

Sample Composition (wt. %) Th. density (pw) ST (°C) Rel. Density (%prel)

CTN-600  Cul2Ti12Ni 8.01 600 94.63
CTNA-600 Cul2Ti12Ni-1AIN 7.88 600 88.96
CTN-650  Cul2Til12Ni 8.01 650 95.59
CTNA-650 Cul2Ti12Ni-1AIN 7.88 650 91.24
CTN-700  Cul2Til12Ni 8.01 700 98.62
CTNA-700 Cul2Ti12Ni-1AIN 7.88 700 95.58

3.2 Microstructural Analysis

The micrographs from the SEM characterization of the Cu alloys and metal matrix composite
(MMC) samples are shown in Figures 1-3 below. The morphological variations concern the sample
compositions and sintering temperatures. Figure 1(a) shows that the microstructure has poor
compactness with uneven particle distribution. In contrast, for the metal matrix composite (Figure
1b) with AIN addition, the microstructures show block structure with more distinct boundaries
between phases. The ceramic intercalation promotes reactions between powder constituents, as
shown in Figure 1(b). However, in other samples sintered at much higher temperatures (Figure 2b
and Figure 3b), the metallurgical structure has even compactness. Therefore, it shows that with the
increase in sintering temperature, the sintered body becomes more condensed with higher relative
compaction. Notably, all the samples were prepared under the same uniaxial pressure condition,
which generally benefits the samples' strength. It is noted in the samples that neither ceramic
addition nor sintering temperature has a negligible effect on the uniformity of the grain sizes, as
seen from the micrographs. The elemental composition of the circled phases common to all samples
is shown in Figures 4-6. EDX analysis of the sites indicates that three main phases constitute the
microstructures. These are mainly Cu-rich and Ti-rich phases distributed uniformly within each
microstructure. Most of the ternary phases found at relatively higher temperatures (>800°C) do not
appear to exist at 600°C, and the ternary intermediate phase A phase (CuNiTi) is restricted to 600°C
[24]. However, based on the detailed EDX analysis of the samples, some ternary phases are observed
to have formed with intermediate phases of the CuTi, NiTi, and NisTi, which are found to be peculiar
to all samples. The corresponding representative EDX spectra for the observed phases, light-grey
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Cu-rich (A), dark grey Ti-rich (B) and black Cu-rich (C), are shown in Figures 4-6. In contrast, the EDX
spectrum for phases containing AIN constituent in the alloy microstructure is presented in Figure 7.

WD: 14.13 mm
Performance in nanospace SEM MAG: 300 x Det: BSE

a) Sample CTN - 600 b) Sample CTNA - 600

Figure 1 SEM micrographs for Cu MMCs at 600°C.

2 20.0 K : 15. : HV: 20.0 kV W ..16400 mm
SEM MAG: 300 x Det: BSE SEM MAG: 300 x Det: BSE 200 pm Performance in nanospace

a) Sample CTN - 650 b) Sample CTNA - 650

Figure 2 SEM micrographs for Cu MMCs at 650°C.
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a) Sample CTN - 700 b) Sample CTNA - 700

Figure 3 SEM micrographs for Cu MMCs at 700°C.
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Figure 4 Representative EDX spectrum for light grey Cu-phase (A).
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Figure 5 Representative EDX spectrum for dark grey Ti-rich phase (B).
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Figure 6 Represents the EDX spectrum for the black Cu-rich phase (C).
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Figure 7 Represents the EDX spectrum for the black Cu-rich phase with Al content.
3.3 Thermal Properties

The thermograms for the alloy samples are shown in Figure 8. For alloy CTNA-600 with 1 wt.% of
aluminium nitride, a broad endothermic peak is shown at 213.5°C, followed by two broad
exothermic peaks at 494 and 631.6°C, respectively. These peaks are due to metal components and
aluminium nitride reactions. The initial endothermic peak could be attributed to the removal or
vaporization of extraneous materials. In contrast, the exothermic peak at 631.6 could be related to
the AIN oxidation in the sample holder. Samples CTN-600 and CTNA-600 were sintered at 600°C,
and the DTA heating beyond this temperature would cause a new reaction in the alloy system. The
thermogram of sample CTN-600 is plotted together with CTNA-600 to compare their thermal
behaviour under DTA heating. For CTN-600, a low-temperature exothermic peak is observed at the
early stage of heating, and this is followed by a sizeable endothermic peak at about 511.5°C, which
is conspicuously absent in sample CTNA-600. The behaviour in this region is shown to be in contrast
to that of sample CTNA-600 with AIN addition. The double exothermic peaks observed on the
thermograms at relatively higher temperatures (883.1, 883.7, 1048.3 and 1072°C) are peculiar to
both alloys, and these correspond to changes in phases and possible recrystallization behaviour.
Samples CTN-650 and CTNA-650 are also shown to exhibit thermal properties similar to CTN-600
and CTNA-600, respectively. The main observation regarding the alloys prepared at 650°C and 700°C
is that there is a forward shift of the exothermic peaks, which may be linked to the initial higher
sintering temperature, which could have cancelled out the reactions at 494 and 631.6°C observed
for CTNA-600. A broad exothermic peak at 1055°C for CTNA-650 is related to a phase change in the
material.
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Figure 8 DTA thermograms for Cu alloy and metal matrix composite samples. a) DTA
thermogram for samples CTN-600 and CTNA-600. b) DTA thermogram for samples CTN-
650 and CTNA-650. c) DTA thermogram for samples CTN-700 and CTNA-700.

Meanwhile, for sample CTN-650, two successive low exothermic peaks are observed at 1028.4°C
and 1063.7°C. These high-temperature peaks are due to oxidation and recrystallization of the
metallic constituents of the alloy. The thermograms for samples CTN-700 and CTNA-700 also
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indicate similarities in their thermal properties at higher temperatures. According to their
thermograms, there is no observable presence of transformation reactions or a significant phase
change till the endothermic peaks at 881.3 and 895.2°C for CTNA-700 and CTN-700, respectively.
Afterwards, a sharp exothermic is observed for the pure ternary alloy sample, attributed to a
significant phase change within the matrix. No central exothermic peak was observed for the sample
CTNA-700 beyond 1000°C, and this shows good thermal stability of the alloys due to the presence
of AIN during the initial heating reaction via plasma sintering. What is observed generally in all
samples in terms of thermal analysis is the forward shift of the transformation or recrystallization
reactions based on the sintering temperature(s), which might have caused primary reactions within
the alloys at the initial stage.

The alloy samples were prepared at isothermal temperatures of 600, 650 and 700°C. However,
the DTA experiment was done up to 1200°C. This means the samples were subjected to a
temperature well beyond the sintering temperature. Thus, it provided the chance to learn about
the thermal properties beyond the sintering isothermals. Notably, the Cu-Ti-Ni system has a ternary
intermediate phase around the composition CuNiTi (A) that melts congruently at 1185°C, which is
in perfect agreement with other studies [28]. Phases A have been found to form several
pseudobinary eutectics with the intermediate phases, i.e., CuTi, NiTi, Ni3Ti binaries, and Cu and Ni
[29, 30]. However, Gupta et al. [24] noted that the ternary phases found at 800 and 870°C are not
observed at 600°C, except the A phase, which seems to be restricted to 600°C. Therefore, the
exothermic and endothermic peaks observed at temperatures beyond the isothermal sintering
temperature (600-700°C) can be attributed to the oxidation, formation and melting of phases due
to the reactions with the alloy system.

3.4 Electrical Conductivity

Copper has the highest conductivity of any non-precious metal. This, combined with its high
ductility, good machinability, and good corrosion resistance, makes copper the first choice as a
conductor for electrical applications. However, its durability and strength in harsh environments are
a concern for some high-end applications. Table 3 shows the values for the electrical properties of
the sintered composites and alloys. It is observed that the sintering temperature and relative density
remarkably influenced the electrical properties. Sample CTN-600 prepared without AIN nanoparticle
possesses the lowest electrical conductivity. Meanwhile, sample CNTA-600 with aluminium nitride
nanoparticle addition unexpectedly has higher electrical conductivity than CTN-600. The electrical
conductivity value for CTNA-600 is comparable to those of samples prepared at higher sintering
temperatures with an attendant higher compaction. The slight increase in the electrical
conductivities at higher sintering temperatures can be attributed to the higher compaction of the
constituents. Considering the effect of adding AIN nanoparticles on the copper matrix, it is observed
that it has a negligible impact on conductivity.

Table 3 Electrical properties of sintered Cul2Ti(3-12)Ni - AIN alloys.

Sample Sint. Temp. (°C) prel (%) p (LQM) o (MS/m)

CNT-600 600 94.63 0.378 2.650
CNTA-600 600 88.96 0.195 5.130
CNT-650 650 95.59 0.180 5.560
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CNTA-650 650 91.24 0.191 5.230
CNT-700 700 98.62 0.195 5.130
CNTA-700 700 95.58 0.164 6.080

Similarly, studies have shown that when the lattice orientation at the interface between the
particles and matrix is coherent, the interface boundary effect on the electrical conductivity is
negligible. In this case, the coherence could be attributed to the nano-size nature of the reinforcing
particles, which might have improved coherence and enhanced compaction, thereby restricting
grain boundary formation and aiding grain growth [31]. Based on the literature [32], the electrical
conductivity of related Cu alloys, such as brass, bronze, CuNiSn, etc., is found in the range of 5 MS/m
to 10 MS/m. These values are comparable to those obtained for the CuTiNi samples in the present
work. Though these alloys (bronze, etc.) have relatively low electrical conductivity, their application
areas require physical strength rather than high conductivity.

Furthermore, since the copper composites and alloys were prepared from powder constituents,
a higher sintering temperature would enhance the thermal reaction between the particles. Thus the
gaps within the grain would be drastically reduced. At lower sintering temperatures with lower Joule
current flow, more gaps form within the matrix, obstructing the smooth flow of electrons for
thermal and electrical conductivities. Hence, the observed nominal increase in the electrical
conductivities with sintering temperatures is due to higher relative density. Notably, the
Wiedemann-Franz Law relates the electrical and thermal conductivities of metals. Hence, it can be
inferred that the same conditions also favour the thermal conductivity of the samples.

4. Conclusion

The influence of ceramic aluminium nitride nanoparticles on the microstructure and thermal and
electrical properties of spark plasma sintered copper alloys have been studied successfully. The
relative densities of the samples are shown to decrease with the addition of the ceramic
reinforcement, which has the highest relative density attained by sample CTN-700 at 700°C.
Meanwhile, the sample's microstructure is also observed to become more uniform and denser with
sintering temperature. Changes in phase characteristics are observed with nitride addition, while
the electrical and thermal conductivities increased monotonously with higher relative density
through higher compaction and sintering temperature. The DTA indicate that the nitride
nanoparticles conspicuously influence the thermal reaction of the alloy, recrystallization and phase
transition activities observed in the higher temperature region of the thermograms for samples with
aluminium nitride addition.
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