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Abstract: To study the material based on the binary system Ti + Cu (50% atm), samples were produced
from powders of commercially pure metals and additionally ground in a ball mill (final size about
12 µm) by spark plasma sintering. The following intermetallic phases were obtained in the materials:
CuTi2, TiCu, and Ti3Cu4. The materials have a hardness of 363 and 385 HV (800 and 900 ◦C), a
microhardness of 393 and 397 µHV, a density of 4.24 and 5.23 kg/m3, and resistance to corrosion in
acids (weight gain + 0.002% after 24 h of testing according to ISO 16151 for a sample with 900 ◦C—the
best result in comparison with steel 308, AA2024, CuA110Fe3Mn2). The hardness value varies due
to the presence of pure metal agglomerates. The relationship between the temperature of spark
plasma sintering and the characteristics of the material (material parameters improve with increasing
temperature, segregation is reduced) is revealed.

Keywords: intermetallics; titanium; copper; spark plasma sintering (SPS)

1. Introduction

Scientific and technological progress is based on modern scientific and technological
solutions, which result in modern high technology and new generation materials (functional
materials). On their basis, the creation of competitive innovative products or the formation
of large-scale more efficient production facilities that bring any industrial sector to a
new modern level is ensured. For example, in recent decades, the market of modern
materials with special properties has been actively formed, which include super hard
materials [1], materials with a shape memory effect [2], materials with superfluidity [3]
and superconductivity [4], corrosion-resistant materials [5,6], etc. The need for modern
materials can be satisfied by intermetallic compounds, the number of studies on which has
increased significantly in recent years [7,8].

Intermetallic compounds are commonly referred to as materials that are an ordered
solid compound between two or more metallic elements. Intermetallic compounds, as a
rule, are characterized by relatively high hardness, but at the same time they are brittle.
Additionally, they actively used for high-temperature environment (metallic properties
appears closer to melting point) [9,10].
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High-entropy [11] or porous [12] and classical binary compounds [13–15] are widely
known. Of particular interest are alloys such as nitinol, which have shape memory, high
hardness, and excellent anticorrosion properties [15]. Materials based on titanium-copper
have the potential to have some properties like this.

Forming a Ti2Cu compound with titanium, copper lowers the combustion rate at
high temperatures [16], the substance acts as a thermal barrier. Materials with fcc and hcp
(copper and titanium) lattices tend to harden under the influence of low temperatures,
experience local martensitic transformation. Intermetallic compounds have high strength
and hardness. It was also noticed that with an increase in the copper content in titanium
(flesh up to 74 atomic%), wear resistance and hardness increase [17]. All these qualities
make it possible to admit the possibility of the appearance of a material based on Cu-Ti
with good performance properties.

Due to the large difference in melting temperatures and densities, it is impossible to
obtain titanium and copper alloys by classical methods (melt mixing). From the scientific
literature, methods are known for obtaining intermetallic material by high-temperature
pressing [18,19], reactive sintering [20], magnetron sputtering [6], electrospark deposi-
tion [21], reduction in salts (reduction of Ti-Al in CaCl2 using sodium) [22], arc melting [17],
and spark plasma sintering.

The latter method makes it possible to produce compounds of almost any metallic
composition [1,23,24]. The established advantages of SPS over traditional technologies are
as follows: (a) low sintering temperatures, (b) short sintering cycle times (minutes), (c) low
power consumption (about 1/5 of HP), (d) uniform heating of the material, (e) control of
the temperature gradient, (f) absence of sintering additives and plasticizers, (g) sintering
of powders with a wide particle size distribution, (h) achieving maximum density of
the material (up to 100% of theoretical), (i) one-stage sintering, and (j) cleaning of the
particle surface under the influence of current. In addition, high-speed heating ensures the
formation of unique physical and chemical characteristics and properties of the resulting
materials. Synthesis of materials is possible with the preservation of the initial grain size and
microstructure, the formation of various porosities, and the achievement of high density and
structural strength of compacts. The synthesis of metastable materials with the preservation
of this state is provided. The control of phase transformations is achieved by eliminating or
initiating solid-phase chemical interactions during material processing [25–32].

Previously, successful experiments have already been carried out to obtain Ti-Cu
systems, which resulted in samples with a non-uniform phase composition [33,34]. An
interesting feature of these experiments is the presence of the CuTi2 phase almost indepen-
dently of the Cu content in the material.

This work is aimed at studying the properties of a material based on titanium and
copper (50 × 50 atm%) obtained by spark plasma sintering. Identification of the relation-
ship between sintering temperature and mechanical, physical properties, and corrosion
resistance. At the moment, the material properties of alloys having equal atomic number of
Ti and Cu have not yet been investigated.

2. Materials and Methods
2.1. Materials

For the manufacture of starting mixed compositions (starting powders), grade Ti and
Cu powders with a purity of 99.9% were used.

The scheme of experiment is shown in Figure 1. The test chosen was a hardness test
not only in HV, but also in µHV, because the samples are multiphase and have different
values in different areas of the surface.
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Figure 1. Scheme of the experiment.

2.2. Powder Prepare

Grinding was carried out in a ball mill in argon atmosphere at a frequency of 700 rpm
for 5 h in a Tencan XQM-0.4A vertical planetary ball mill (China). The parameters of the
mixing process with simultaneous grinding are presented in Table 1. The results of SEM
images are shown in Figure 1. Part of the obtained powder was isostatically pressed into a
press-SJYP-12TS, at a pressure of 20 MPa (8000 kg). In this way, tablets with a diameter of
10 mm and a height of 5–7 mm were obtained.

Table 1. Contents of mixing beakers.

Weight of Titanium Powder, g 28.56 Dimension 60–70 µm
Weight of Copper Powder. g 21.46 Dimension 40–60 µm
Weight of Grinding Balls, g 75 Dimension 10 and 5 mm in a diameter

Grinding Ball Material WC

2.3. Powder Sintering

Consolidation was carried out by the method of spark plasma sintering at the SPS-515S
(Dr. Sinter LABTM, Kyoto, Japan), at temperatures of 800 and 900 ◦C under a pressing
pressure of 50 MPa, with a holding time of 5 min. The temperature of the SPS process
was controlled by an optical pyrometer IR-AHS (Hitachi, Tokyo, Japan), focused on a hole
located in the middle of the plane of the outer wall of the mold, 5.5 mm deep. The sintered
material was heated with a unipolar pulsed current with forced low-voltage pulses in the
on/off mode in 12/2 bursts (pulse burst duration 39.6 ms/pause 6.6 ms). The maximum
current during sintering was 600 A, and the voltage was 4 V.

Characterization of Analytical and Physical Methods

The change in the granulometric composition of the initial powders during mechan-
ical mixing with grinding at different process times (with an increase in the number of
cycles) was analyzed on an Analysette-22 NanoTec/MicroTec/XT laser particle analyzer
(Fritsch, Munich, Germany); for each sample, measurements were carried out 3 times,
then the results were averaged. The elemental composition was determined by energy
dispersive X-ray fluorescence on a EDX 7000 HS instrument (Shimadzu, Tokyo, Japan). The
microstructure features were studied on an ECLIPSE MA200 metallographic microscope
and a scanning electron microscope (SEM) (Nikon, Düsseldorf, Germany). The average
grain size was determined from the HAADF-STEM images, in accordance with ASTM
E112-110. Vickers hardness was measured in accordance with ISO 6507-1:2018. Microhard-
ness was measured with a load of 0.98 N using an HMV-G-FA-D automatic microhardness
tester (Shimadzu, Tokyo, Japan).
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3. Results and Discussion
3.1. Preparation of Starter Mixtures

The effect of the grinding process on the powders is shown in Figure 2; before treat-
ment, the Ti and Cu powders had an average particle size of 40–70 µm.
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Figure 2. Powder particle sizes before and after grinding.

It can be seen from the image above that, as a result of grinding, the average value of
the particle size became equal to 20–30 microns and compaction occurred, which is actively
promoted by the final bean-shaped shape of the particles. The somewhat greater roughness
is the result of partial oxidation because of grinding (argon atmosphere include trivial part
of oxygen). The mixture is ready for pressing.

3.2. Synthesis of Alloys of the Ti-Cu System

The diffraction pattern of the sample sintered at 800 ◦C and 900 ◦C, respectively,
contains CuTi2, CuTi, Cu, and Ti phases (Figures 3 and 4). The sample sintered at 800 ◦C
also has a Cu4Ti3 phase. The diffraction patterns of CuTi2 and CuTi3 are similar, the CuTi2
phase is confirmed specifically by the fact that there is a characteristic reflection for this
phase at 16.5 2 theta, and there is no characteristic reflection at 21.4 2 Theta for the CuTi3
phase. Refinement by the Rietveld method was carried out in the program “Topas”; the
R-factor of samples sintered at 800 ◦C and 900 ◦C does not exceed 4%. The results of the
refinements are attached in Table 2.

Content of the CuTi2 phase increases with increasing temperature. It has been estab-
lished that the population of titanium in the crystal lattice is higher than that of copper.
The conversion from mass fractions to molar fractions, taking into account the population,
indicated that the ratio of Titanium to Copper in the mixture is 1 to 0.8. The discrepancy
between the mole fractions is explained by the fact that the filming takes place from the
surface of the material. The CuTi2 phase is also proved by the fact that, when the population
is refined and converted into mole fractions, the ratio of titanium to copper is 2 to 1, which
can no longer be explained by the error. According to the results of the refinement of
the lattice parameters, it was found that with an increase in the sintering time, the lattice
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parameters increase, which indicates a decrease in the density of the sample. Some of lattice
parameters are given in Table 3.
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Table 3. Crystallography parameters of specimens.

Latice Parameters, Å 800 ◦C Theoretical Density 900 ◦C Theoretical Density

CuTi
a. 3.12555

6372 kg/m3
a. 3.13719

6345 kg/m3
b. 3.12555 b. 3.13719

c. 2.96124 c. 2.96540

CuTi2
a. 2.94417

5696 kg/m3
a. 2.95297

5616 kg/m3
b. 2.94417 b. 2.95297

c. 10.7551 c. 10.7698

Scanning electron microscope images of polished ends are shown in Figure 5, where
the impurity content was no more than Cr—0.83%, P—0.52%. Si—0.16%, and Al—0.16%.
The ubiquitous location of pure metals makes the material a kind of composite, which
should have an unusual effect on its corrosion resistance and microhardness. The grain
size of the samples obtained in the current experiment is about 7 µm, which is larger than
the values of the samples from the works of Rui Dong, Weiwei Zhu, and others, when
the synthesis was received at 750 ◦C. This fact also explains the lower hardness values
(about 453 HV vs. 393 HV in our experiment) [33]. Comparing these experiments, we can
conclude that an increase in temperature can cause the growth of grains of pure metals,
which adversely affects the hardness.
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3.3. Physical and Mechanical Properties of Samples

The established microhardness of samples sintered in plasma is at the level of 393 HV,
with increasing temperature, the hardness increases only slightly (Figure 6), in both samples
there are readings much lower than the average, which indicates the presence of pure phase
metals. Vickers hardness measurements showed similar values (363 and 385 HV for
samples sintered at 800 and 900 ◦C, respectively), which is a good indicator of hardness
for non-ferrous alloys (values usually up to 320 HV) [35,36]. However, it should be noted
that the samples obtained by arc melting have higher hardness values, and they are also
multiphase [17]. Based on the results of the images of the sample, one can judge the
sufficient plasticity of the sample (the absence of cracks from the pyramidal imprint)
(Figure 7).
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(a) 900 ◦C, (b) 800 ◦C.

Table 4 shows the main parameters of the two samples and their preparation.
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Table 4. Parameters of the studied samples and their preparation.

T, ◦C P, MPa t, min µHV HV p, kg/m3

800 50 5 393 363 4540
900 50 5 397 385 5230

3.4. Corrosion Resistance of Material

For comparison, within 24 h, along with the material, samples of stainless steel,
duralumin, and corrosion-resistant bronze were also exposed to aggressive media. Figure 8
shows images of the surfaces of samples subjected to testing of corrosive environments;
Table 1 shows the change in the mass of samples.
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The test was carried out according to ISO 16,151 (sodium chloride + sulfuric acid + nitric
acid) [37]. As can be seen from the Table 5, the experimental sample obtained at 900 ◦C has
the least tendency to corrosion, close to stainless steel. The experimental sample with a
sintering temperature of 800 ◦C has the largest weight gain, which is mainly associated with
the presence of micropores, which are clearly visible on the etched sample. The presence
of the Cu4Ti3 phase content also does not impart corrosion resistance in comparison with
a large amount of the CuTi2 phase. The most corrosion-resistant sample contains a lot of
CuTi2 phase and does not contain phase Cu4Ti3. This confirms the importance of this phase
for corrosion resistance [16]. Pure copper present in the metal shows less corrosivity due to
the presence of titanium in general.

Table 5. Influence of being in a corrosive environment on the mass of metal samples.

308 AA2024 CuA110Fe3Mn2 SPS 800 ◦C SPS 900 ◦C

+0.006 +0.022 −0.03 +0.137 −0.002

4. Conclusions

The work demonstrates the potential of alloys of binary titanium-copper compounds,
where samples containing many phases have high hardness, low density, and corrosion
resistance. The combination of good mechanical properties of multiphase alloys obtained
in this work suggests the idea of further research of such materials. Like high-entropy
alloys, the multiphase system can exhibit high mechanical properties. The work also led to
several important findings related to the Ti-Cu system:

• Spark plasma sintering helps to obtain samples with high hardness for non-ferrous
alloys (≈395 HV), low density, and resistance to acids.

• As the temperature of spark plasma sintering increases, the phase composition changes
and the mechanical properties increase, and compaction can be associated both with
specific phases and with an increase in pressure from thermal expansion.

• The presence of phase Cu4Ti3 in the sample sintered at 800 ◦C does not provide high corro-
sion protection, so phase B is preferable for a material used in an aggressive environment.
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