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Abstract

In the present study, Ti-Cu-based alloys were provided by the simultaneous application of both reactive melt infiltration and
liquid phase sintering techniques. In order to apply the reactive melt infiltration technique, stearic acid was added at 10, 15,
and 20% by weight as the pore forming agent in titanium. Cold-pressed samples were subjected to two different sintering
temperatures (1100 and 1200 °C), and melt copper was provided to leak between the titanium particles, natural pores, and
the pores forming upon the vaporization of stearic acid. According to the microstructure results, two types of microstructure
(eutectoid and hypereutectoid) formed. Eutectoid structure consists of formation of a-Ti+ Ti,Cu. The presence of Ti,Cu
intermetallic phase caused an increase in hardness. While the increase in the sintering temperature increased transverse rup-
ture strength, the increased amount of copper caused a decrease due to pore formation (natural pores and pores produced).
According to the morphology of the surface of fracture, brittle transgranular and partially ductile fractures occurred in the
samples. In summary, it was found that 20% Cu amount and 1200 °C were the most suitable in terms of hardness and relative
density, while pure titanium had the highest TRS value at 1200 °C.

Keywords Titanium - Copper - Reactive melt infiltration - Liquid phase sintering

Introduction

In recent years, research and development studies on tita-
nium and titanium-based alloys have attracted great interest.
Titanium-based materials that are developed by combining
their unique properties together are widely used in various
fields. Titanium and titanium-based alloys have high specific
strength, excellent corrosion resistance, and an extraordi-
nary biocompatibility among the metal materials. However,
due to the high chemical reactivity at high temperatures and
high melting temperature, it is accepted as one of the metals
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harder to process. Decreasing the fusion temperature and
high reactivity is one of the possible ways to overcome the
challenges [1].

Depending on the temperature, titanium is crystallized in
two main structures and this provides opportunities to design
various combinations of microstructures and thus, enables
the adjustment of mechanical properties of Ti. In particular,
Ti atoms place themselves in o-Ti having hexagonal close-
packed (HCP) crystal structure under room temperature.
Conversely, Ti transforms into a p-Ti having body-centered
cubic (BCC) crystal structure when the critical transforma-
tion temperature (882 +2 C) is exceeded by increasing the
temperature [2]. Alloying elements added to titanium are
divided into different classes as neutral, o and P stabilizers
according to their effectiveness on the transition temperature
of 882 +2 °C. In general, titanium alloys show three micro-
structure types: o, o+ p and f alloys [3, 4]. Copper (Cu) is
quite attractive due to high damping capacity, high thermal
and electrical conductivity, low density, and good corro-
sion resistance. Ti-based alloy and Cu combination provide
a material group known as Ti-Cu binary alloys [5, 6].
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Binary phase diagram of Ti-Cu alloys shows that addi-
tion of more than 3% copper element into the titanium alloy
will enable to have two phases forming an acicular structure
that can improve the mechanical properties of the material
and forms the Ti,Cu phase [7, 8]. Depending on the copper
content in the Ti-Cu phase diagram given in Fig. 1, Ti-Cu
alloys can show different microstructures such as eutectoid,
hypereutectoid, and hypoeutectoid microstructures and ena-
bles to adjust the mechanical behaviors of Ti-Cu alloys by
controlling the Ti,Cu precipitation ratio and distribution [1,
9, 10]. Mechanical behavior of Ti alloys is based on the
microstructure properties and type of the alloy elements.
Intermediate phase, forming the eutectoid structure with
a-Ti, is defined as the Ti,Cu phase that can improve the
mechanical properties of the materials. As the Cu content
increases, intermetallic Ti,Cu phase precipitation in Ti
alloy also increases. Wang et al., [11] examined the opti-
mization of the mechanical property of Ti-Cu alloy. The
results showed that a-Ti+ Ti,Cu-microstructure Ti-Cu alloys
exhibited the best ductility than a-Ti 4+ transformed p-Ti and
other Ti-Cu alloys with fully transformed microstructure and
meanwhile, since increased rate of Ti,Cu caused both solid
solution hardening and precipitation hardening, increased
rate of Cu content significantly contributed to decrease
in ductility. Takahashi et al., [12] and Ohkubo et al., [13]

1700 9 Ll L) T T T L]
B i
\ Se
1500 -\‘ E
(&) B \\‘ \\\\ L il
) ~
S 1300 N\ . .
- \ S
= B \ ~ T
-t \ \\
® 1100 | ' " i
) B .
o R N S T T e ._\ 3
E g00f O F
[ AV 790°C =l
7.0%
700 \ 2.4% S, S
5 = = H
500 L L L L 1
0 20 40 60
Ti Cu

Composition/mass% Cu

Fig. 1 Ti-Cu phase diagram [1]. Reprinted from Dental Materials,
Volume 19, Masafumi Kikuchi, Yukyo Takada, Seigo Kiyosue, Mas-
anobu Yoda, Margaret Woldu, Zhuo Cai, Osamu Okuno, Toru Okabe,
Mechanical properties and microstructures of cast Ti—Cu alloys, pg.
174-184, Copyright 2003, with permission from Elsevier

specified that the increase in the strength, hardness, and wear
resistance of titanium alloy is both related to the ageing pro-
cess and then the precipitation of a large number of Ti,Cu
intermetallic compounds. Sun et al., [14] expressed that as
a result of the decomposition of p phase into a-Ti and Ti,Cu
phases in Ti-2.5Cu alloy, it increased the hardness of the
Ti,Cu intermetallic phase alloy in the structure. Morphol-
ogy and distribution of Ti,Cu has a significant share in the
mechanical property of the titanium alloy containing Cu.

Liquid phase sintering (LPS) is defined as sintering
involving liquid and solid coexisting during part or all
of the sintering cycle. The presence of a liquid phase
between the particles leads to capillary forces that can
result in condensation and allows the solid to dissolve
and then precipitate away from areas of high surface
energy. Condensation rates can therefore be greatly
increased by the presence of a liquid [15]. The reactive
melt infiltration (RMI) technique is based on the infil-
tration of porous matrices by melting the active phase
or precursor. The prerequisite is that the melting point
of the infiltrated material is lower than that of the base
material and that the base material is porous. Here, the
molten infiltrate material must wet the base material.
The melt is attracted by the pores of the base material
by capillary forces and the pore volume is completely
filled [16].

Numerous production techniques such as mixing cast-
ing/vortex method, powder metallurgy (PM), and infiltration
are used to manufacture Ti-Cu-based alloys. In the present
study, Ti-Cu-based alloys were produced at 1100 °C and
1200 °C by using the RMI and LPS techniques from the PM
methods in order to obtain two typical microstructures as
eutectoid and hypereutectoid. Some properties of the materi-
als produced were experimentally investigated.

Experimental Studies

The aim of the experimental studies includes applica-
tion of the RMI and LPS for the production of binary
Ti-Cu alloy via PM method. In the study, commercial
pure titanium (Ti) powder (particle size — 90 + 22 um,
99.6% purity) and pure Cu powder (particle size <45 pum,
99.7% purity) were used. Figure 2 shows the SEM-EDS
and XRD analyses of the Ti and Cu powders. While Ti
powder had an irregular morphology, Cu powders had a
dendritic structure. Elemental a-Ti and Cu phases were
detected in XRD analyses of both powders and these
results represent the powders used in the present study.
Zinc stearate was used as pore-forming agents (PFA) and
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Fig.2 SEM-EDS and XRD analyses of powders: (a) Ti and (b) Cu

Ti powder was used as the substrate essential alloy which
was mixed and blended at three concentrations (10, 15,
and 20%), and the aim of the process was to perform
the RMI process. Also, copper powder was used at three
different concentrations (10, 15 and 20%) within titanium
for LPS process. Then, it is cold-pressed in molds having
desired sizes. Cold pressing was carried out using a SPE-
CAC GS15011 brand and model hydraulic press. Ti powder
is infiltrated with melt Cu and sintered for 60 minutes at
1100 and 1200 °C under argon atmosphere. RMI and LPS

Fig.3 Sample design
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processes were carried out simultaneously in a PROTHERM
PTF 18/50/300 brand and model high temperature tube fur-
nace. Finally, microstructural, fracture surface morphology,
and mechanical characterization of Ti-Cu alloy is performed.
The sample design is given in Fig. 3. The reason behind
why the rate of PFA and the rate of copper added for LPS
were the same was the infiltration of copper at the same
rate into pores formed by PFA. The samples designed were
divided in four groups.
Group 1: Ti

24 mm

Ti-x PFA (x=10, 15, 20) layer

Ti-x Cu (x=10, 15, 20) layer

@ Springer



Metallography, Microstructure, and Analysis (2023) 12:662-671

665

Group 2: Ti/Ti+ 10 wt.% Cu/Ti+ 10 wt.% PFA/Cu
Group 3: Ti/Ti+ 15 wt.% Cu/Ti+ 15 wt.% PFA/Cu
Group 4: Ti/Ti+20 wt.% Cu/Ti+20 wt.% PFA/Cu
Microstructure and fracture surface characterization
were examined by using the found optical microscope (OM)
(Olympus GX41 microscope) and a scanning electron micro-
scope (SEM) (FEI QUANTA 250 FEG) equipped with an
energy dispersive X-ray spectrometry (EDS). In order to get
more detailed information from the sample surface, SE mode
was used in SEM. Phase identification was carried out by
X-ray diffraction (XRD) (RIGAKU ULTRA 1V) equipped
with CuK (A=1.54056 A) radiation as a source operated at
30 kV and 20 mA between 3 and 90° at a step size of 0.03°.
Hardness measurements were performed in SHIMADZU
HMV-G21 model micro hardness device by using a load of
1 kg and the dwell time was determined as 16 seconds. Three
different areas were selected along the thickness section of
the samples and the results are the mean value for each area
with standard deviation. In order to detect the transverse rup-
ture strength (TRS), three-point bending test was performed
at a test speed of 1 mm/minute by using SHIMADZU uni-
versal tensile device with a capacity of 50 kN, under room
temperature. Three-point bending test was performed three
times for each group. The TRS results obtained were aver-
aged. Experimental densities were calculated according to
the Archimedes’ principle. A precision balance with the
given density kit was used. Relative densities were calcu-
lated by using the measured density/theoretical density ratio.

Results and Discussion

XRD analysis was conducted to determine whether or not a
new phase is formed between the titanium and copper met-
als and to obtain information about the presence of oxide.
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Fig.4 XRD patterns of samples: (a) 1100 °C and (b) 1200 °C
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Figure 4 shows the Ti-Cu alloys sintered at 1100 °C and
1200 °C and XRD models of the titanium materials, respec-
tively. Ti,Cu, a-Ti and Cu phases were detected in the micro-
structure exclude for the pure titanium sample at both tem-
perature values. Cu phase showed that there is some amount
of Cu that did not react. It was understood from the XRD
graphics that the density of Ti,Cu peak increased with the
increasing the Cu content (excluding 15% PFA) for 1100 °C.
In the study of Xu et al., [8] regarding the mechanical and
tribological properties of Ti-Cu alloys, they reported that
the rate of Ti,Cu intermetallic phase increased depending
on the increased rate of Cu. When the process temperature
increased to 1200 °C, the peak intensity of the phases gen-
erally increased due to crystallization. The increase in the
phases formed in the samples at the processing tempera-
ture of 1200 °C was not at the same angles, but there were
increases at different angles. Dong et al., [17] detected the
Cu, Ti,Cu, and o-Ti phases in the microstructure of Ti-Cu
alloys produced by the spark plasma sintering. This result is
compatible with the present study.

Figure 5 shows the OM images for Ti-Cu samples pro-
duced at 1100 °C. In these structures, primary o-Ti (light
colored phase) and Ti,Cu (dark colored phase) intermetal-
lic phases which formed at both particles and the particle
boundaries by dispersing some closed spherical pores, pre-
cipitated [1]. In the present study, the samples were slowly
cooled at the furnace (10 °C/min). Following the slow cool-
ing, the decomposition of the p phase triggered the forma-
tion of a phase or the eutectoid structure. The slower the
cooling rate, the more eutectoid reactions occur. Also, eutec-
toid reaction of Ti-Cu alloy is so active, p-Ti phase could
not form due to the rapid diffusion of Cu to Ti [18]. Due
to this reason, eutectoid reaction caused the precipitation
of Ti,Cu throughout the crystal border of a-Ti during the
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Fig.5 OM images of samples sintered at 1100 °C: (a) 10 %PFA and Cu, (b) 15% PFA and Cu and (c) 20 %PFA and Cu

cooling process [19]. The microstructure seen at different
PFA and Cu ratios was a-Ti and Ti,Cu intermetallic.

Figure 6 shows the OM images of Ti-Cu alloys with dif-
ferent PFA and Cu contents that were sintered at 1200 °C.
The microstructure seen at 10% PFA and Cu was o-Ti and
Ti,Cu. While o-Ti appears as a light colored phase, Ti,Cu
appears in the form of thin long particles in dark color. Ti,Cu
intermetallic phase became more significant by increasing
the infiltrated Cu. At 15% PFA and Cu, a hypereutectoid
structure occurred in which layered structures together with
Ti,Cu intermetallic phases were present. While Cu infil-
trated at 20% PFA and Cu increased and the layered struc-
ture was shown with a dark color, Ti,Cu (out-of-eutectoid)
precipitate was shown with a bright phase.

Figures 7 shows the SEM images of Ti-Cu alloys sin-
tered at 1100 and 1200 °C with different PFA and Cu con-
tents, respectively. As seen in all the SEM images, many
bright colored (Ti,Cu) intermetallic phases with lamellar
and dendritic structures precipitated in a-Ti corresponding
to the dark phases formed. In addition, the typical lamellar

@ Springer

microstructure for slow cooling was seen above the tempera-
ture of transition from the o phase to the § phase, regardless
of the Cu infiltration content. As the sintering temperature
increases, dendritic and lamellar structure became more
significant.

Figure 8 shows the hardness measurements for the Ti-Cu
alloy samples processed at 1100 and 1200 °C. The interface
zone is the zone formed by the LPS process. The infiltration
zone is the zone formed by the RMI process. The substrate
consists entirely of Ti. Hardness values increased by the
increasing rate of Cu and process temperature. Hardness of
pure Ti varied between 182 and 242 HV, depending on the
sintering temperature, while the hardness values of Ti-Cu
alloys were between 219 and 343 HV | depending on sinter-
ing temperature and additional amount of Cu and this value
was higher than pure titanium. Gariba et al. [20] in their
study on Ti-matrix functionally gradient materials (FGMs),
they reported that the matrix had a value of approximately
191 HV. This value is consistent with our study. Generally,
the higher the copper amount, the higher the hardness of
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Figure 6 OM images of samples sintered at 1200 C: (a) 10 %PFA and Cu, (b) 15% PFA and Cu and (¢) 20 %PFA and Cu

the Ti-Cu alloy and this is associated with the increase in
hard phase of Ti,Cu. The increase in hardness occurs due to
solid solution hardening of the o-Ti phase and intensification
of precipitation by the presence of Ti,Cu. This mechanism
inhibits the movement of dislocations and thus, increases the
hardness of Ti-Cu alloy. Increase in hardness by the increas-
ing Cu content is compatible with the findings of Kikuchi
etal., [1]. They stated that Ti,Cu precipitates can strengthen
the Ti alloy. In addition, Sun et al. [14] stated that nano-
Ti,Cu precipitates inhibited the dislocation movement and
thus, increased the mechanical property. Luangvaranunt and
Pripanapong [21] examined some of the properties of Ti-Cu
alloys and found the results that are compatible with the
hardness stated in the present study.

Table 1 shows the theoretical, experimental, relative
densities, and pore ratios of Ti-Cu alloys. When melt cop-
per was infiltrated to titanium, an increase in experimental
densities occurred. This can be explained by the fact that
the density of copper was higher than titanium. Also, sig-
nificant increases were seen in densities by the increase in
process temperature. An increase in approximately 7.9%

occurred in density than pure titanium when 20% Cu was
added at 1100 °C. This increase was about 9% at 1200 °C.
When copper was added into pure titanium, relative den-
sities of the samples decreased. There was an increase in
relative densities due to the increasing rate of copper in cop-
per-containing samples. As in the densities, increases also
occurred in the relative densities by the increase in process
temperature. Islak et al., [22] specified that as the sintering
temperature increased, relative densities increased and pore
amount decreased. Alshammari et al., [23] reported that an
increase was detected in the Ti-Cu alloys by the increase in
the copper rate (89.2-93.4%). In the present thesis study, the
pore rates decreased with the increased process temperature.
Min et al., [24] stated that the decrease in porosity by the
increase in the sintering temperature and the formation of
a denser structure were associated with the increase in the
diffusion rates.

Figure 9 shows the TRS result of Ti-Cu alloys. The
results showed that TRS values of pure Ti and Ti-Cu alloys
increased by the increasing sintering temperature. This
is because in case of high temperature, there was a good
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Fig. 7 SEM images of samples: (a) 10% PFA and Cu at 1100 °C, (b) 15% PFA and Cu at 1100 °C, (¢) 10% PFA and Cu at 1200 °C and (d) 15%

PFA and Cu at 1200 °C
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Fig. 8 Micro-hardness values of the samples: (a) 1100 °C and (b) 1200 °C

binding between the particles. When compared to Ti-Cu
alloys, the increase in the TRS value of the base material of
pure Ti was a result of the increase in the hardness levels in
Ti-Cu alloys and the effect of porosity. In fact, the presence
of Ti,Cu precipitation particles in Ti-Cu alloy increased

@ Springer

hardness to a great extent and decreased the ductility of the
final alloy. As Cu rate increases, the type of fracture was
transformed from ductile fracture to brittle fracture. TRS
values of Ti-Cu alloys increased with the increasing sinter-
ing temperatures. This is because the good bonding between
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Table 1 Densities and pore Samples Theoretical Experimental density, Relative density, % Amount of poros-
rates density, gr/cm®  gr/cm? ity, %
1100°C  1200°C 1100°C 1200°C 1100°C 1200 °C

Pure Ti 4.51 441 4.44 97.8 98.4 2.2 1.6

10% PFA and Cu  4.73 4.43 4.53 93.7 95.8 6.3 4.2

15% PFA and Cu  4.84 4.57 4.66 94.4 96.3 5.6 3.7

20% PFA and Cu  4.96 4.76 4.85 96.0 97.8 4.0 22

Fig. 9 Effect of sintering tem- 1200
perature and Cu content on TRS
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the particles in case of high temperature and the decrease in
the pore amount with increased sintering temperature.
Figure 10 shows the macro- and micro-images of the
fracture surfaces of samples with 10% PFA and Cu pro-
cessed at 1100 and 1200 “C. Upper section represents
the region subjected to RMI and LPS process (Fig. 10b).
This surface included mostly ductile fracture associated
with the presence of numerous cavities mostly caused
by Cu effect and brittle fracture mechanisms caused by
the presence of Ti,Cu [25]. Bolzoni et al., [26] in their
study on the development of Ti-Cu-Fe alloys produced by
powder metallurgy, they emphasized that the presence of
Ti,Cu phase causes brittle fracture. Figure 8c shows the
macro-photographs of the samples sintered at 1200 °C.
The number of pores decreased more in this structure
according to the structures at 1100 °C. As temperature
increased, copper became more fluid and leaked into the
pores better. Figure 10d shows the upper region of fracture
surface analysis of Ti-Cu alloy having 10% PFA and Cu
concentration sintered at 1200 °C. Brittle fracture with
traces in the form of a river formation and ductile fracture

I 1100 °C

1200 °C

658 662

% 10
Samples

% 15 % 20

having equiaxial dimples represent the fracture surface.
Kompo et al., [27] in their study on the microstructure
and mechanical properties of Ti-Cu alloys produced by
semi-solid process, reported that the fracture surfaces of
the samples generally exhibit brittle fracture behavior and
dimples representing ductile fracture were formed on the
fractured surface.

Conclusion
The results obtained from the study are given below:

e As the copper concentration increased, two types of
micro-structures (eutectoid and hypereutectoid) were
found in the Ti-Cu alloys. Eutectoid structure formed of
a-Ti and Ti,Cu phases given in the binary phase diagram.

e According to the results of the XRD analysis, a-Ti, Cu
and intermetallic Ti,Cu phases were detected in the
structure. By the increase in the Cu amount, the rate of
Ti,Cu intermetallic phase increased.
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Fig. 10 SEM photographs of fracture surfaces of samples with 10% PFA and Cu: (a) 1100 °C, (b) upper region of “a,” (¢) 1200 °C and (d) upper
region of “c”

Significant increases occurred in hardness by the increase
in the sintering temperature and copper content. This was
associated with the presence of the intermetallic phase.
TRS values of pure Ti and Ti-Cu alloys increased by
the increasing process temperature. When compared to
Ti-Cu alloys, the increase in the TRS value of the base
material of pure Ti was a result of the increase in the
hardness levels in Ti-Cu alloys and the effect of porosity.
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