





Fig. 9. Assist force vs. PWM.

Fig. 10. EppeacVs. PWM.
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(b) Extended state

Fig. 11. Attitude of the evaluation experiment.
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Synthesis of TiC-Ti Composites via Mechanical Alloying/Spark Plasma Sintering

Using Ti and C Powders

Ryo Tsukane!, Kazuhiro Matsugi?, Yong-Bum Choi? and Hiroyasu Tamai'

YTottori Institute of Industrial Technology, Tottori 689-3522, Japan

*Graduate School of Advanced Science and Engineering, Hiroshima University, Hiroshima 739-8527, Japan

In this study, a TiC-Ti composite has been synthesized as a novel cermet without using rare elements like W, Co, and Ni. The
mechanical properties of the prepared TiC—Ti composite are improved by utilizing Ti and C powders as raw materials in the mechanical
alloying process. The effects of the non-equilibrium state during mechanical alloying on the characteristics of the composite have been
analyzed. The results indicate that for short milling times, the addition of 25 mol% of C results in the Ti phase size in the sintered compact
typically being on the order of several tens of micrometers, and unreacted C remains in the sample. A milling time of >21.6ks affords a TiC—
Ti composite containing approximately 80% fine TiC phase with an average size of 1-2 um. As the milling progresses, the crystalline size of
the Ti phase decreases, while the lattice strain increases. Prolonged milling improves the diffusion of C into Ti; a milling time of 36ks at a low
temperature of ~700K results in the formation of TiC as well as uniform diffusion of C throughout the Ti phase. Sintering the composite
powder milled for 36ks affords a Vickers hardness of approximately 700 Hv, which is similar to that of a TiC-35% Ni cermet.
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1. Introduction

Cermets and cemented carbides are extensively used in
cutting tools and wear-resistant materials and predominantly
rely on rare elements like W, Co, and Ni. These elements
have limited reserves [1], and thus, development of
alternative materials is necessary to minimize reliance on
these elements. Ti is considered a promising alternative Ni
owing to its abundance, which surpasses that of Ni, in the
Earth’s crust [2]. Therefore, numerous Ti matrix composites
have been developed in recent years [3—5]. Additionally, the
coefficient of thermal expansion of Ti closely aligns with that
of TiC, and thus, a combination of these two materials is less
prone to cracking during thermal contraction.

In traditional cermet fabrication, metal and ceramic
powders are mixed and then sintered, often resulting in
uneven metal phase distributions and a microstructure
wherein hard particles are directly in contact with each
other. Consequently, weak adhesion is observed at the
metal/ceramic interface, and the mechanical properties of
the material deteriorate. Mechanical alloying overcomes
these limitations by ensuring uniform mixing of materials
at the nanoscale and by activating chemical reactions via
large strain application and surface area expansion [6, 7].
This method enables in situ synthesis of metal carbides and
borides from metal and carbon (or boron) powders [8, 9].
Therefore, TiC-Ti composites with finely dispersed hard
particles and strong metal/ceramic interfaces can be
effectively prepared by a) mechanically alloying Ti and C
powders in a controlled ratio and by b) solidifying the
mixture using spark plasma sintering [10], which facilitates
rapid sintering. In our previous study, we investigated the
applicability of TiC-Ti composite prepared using this
method to wear-resistant materials [11]. To control the
properties of the composites, investigating the effects of
different raw powder compositions and milling conditions
is necessary.
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In this study, a novel cermet, the TiC—Ti composite, which
does not contain rare elements such as W, Co, and Ni, was
synthesized. The study further explores the impact of non-
equilibrium conditions during the mechanical alloying
process on the properties of the composite, synthesized
through a combination of mechanical alloying and spark
plasma sintering of Ti and C powders.

2. Experimental Section
2.1 Mechanical alloying

A commercial Ti powder (<45pm, oxygen concentra-
tion = 0.299 mass%, FUJIFILM Wako Pure Chemical
Corp.) and C powder (mean particle size = 5 pm, Kojundo
Chemical Laboratory Co., Ltd.) (Fig. 1) were mixed, and
subsequently, 25 mol% of C was added to this mixed powder,
which was then mechanically alloyed using a planetary ball
mill (Fritsch P-6). Previous studies have suggested that TiC
cermets can be fabricated by adding Ti as a binder at this
C addition ratio [12]. According to the phase diagram, this
rate of C addition is expected to yield a TiC:Ti ratio of
approximately 8:2 in equilibrium [13]. The powders and
tungsten carbide balls (25 balls, ¢10 mm) were placed in an
80-mL tungsten carbide bowl inside a glove-box filled with
Ar gas. The ball-to-powder mass ratio and milling speed
were set at 5.8:1 and 500 rpm, respectively, and the mixture
was milled up to 36ks.

2.2 Spark plasma sintering process

The milled powder was then loaded into a cylindrical
graphite die (¢20 mm), which was lined with a boron-nitride-
coated interfacial graphite sheet to prevent any reaction with
the die. The powder was subjected to spark plasma sintering
(DR. SINTER SPS-3.20MK-4, Sumitomo Coal Mining Co.)
under vacuum at 1273 K with a heating rate and dwell time of
1.68 K/s and 300s, respectively. A uniaxial pressure of 35
MPa was applied to the powder during the sintering process.
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Fig. 1

SEM images of the (a) Ti powder and (b) C powder.

2.3 Material characterization

The morphologies and microstructures of the powders
were analyzed by field-emission scanning electron micros-
copy (SEM; SUS5000, Hitachi High-Tech). The phase
composition was determined by X-ray diffraction (XRD)
analysis (Ultima IV, Rigaku) using Cu—Ka radiation at 40 kV
and 40mA. The internal lattice strain and crystalline size
were estimated from the broadened XRD peaks using the
Williamson—Hall method as follows [14]:

BcosO=0.91/D + esinf (@9)

where S represents the full width at half maximum of the
XRD peaks, 6 denotes the diffraction angles, A is the
wavelength of X-rays (m), D indicates the crystalline size
(m), and ¢ is the internal lattice strain. The XRD analysis
data were used to estimate the lattice parameters for different
(hkl) reflections of the face-centered cubic TiC phase formed
during the milling. These XRD data were fitted using
Nelson—Riley extrapolation function, and more accurate
lattice parameters were calculated by extrapolating these
results to # =m/2 [15]. The milled powders were charac-
terized using differential scanning calorimetry (DSC;
DSC6300, Hitachi High-Tech Science Co.) under a constant
Ar flow of 200 mL/min at a heating rate of 20 K/min. The
hardness of the samples was measured using a micro-Vickers
hardness testing machine (HM-220D, Mitsutoyo) with a load
of 4.9N for a constant contact time of 10s.

3. Results and Discussion
3.1 Mechanical alloying of the Ti-C mixed powders

Figure 2 illustrates the XRD patterns of the powders
milled for different durations. The XRD pattern of the
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Fig. 2 XRD patterns of the powders milled for (a) Oks, (b) 3.6ks, and
(c) 36ks.

unmilled powder shows distinct diffraction peaks of the Ti
and C phases. After 3.6 ks of milling, the diffraction peak of
C disappears, while those of Ti broaden, and their intensity
decreases as the milling progresses. The powder milled for
21.6 ks displays broad and weak TiC diffraction peaks, whose
intensity increases. During the mechanical alloying of a Ti—C
system, TiC rapidly forms via a mechanically induced self-
propagating reaction (MSR) depending on the milling
conditions. MSR typically occurs when the C content is
approximately 50 mol% [16]. In our study, because of the
addition of 25mol% of C, MSR does not occur, and TiC is
gradually synthesized via atomic diffusion.

Figure 3 presents the backscattered electron images of
the milled powders, revealing the morphological changes at
various milling stages. In Fig. 3(a), the SEM images of the
powders milled for 3.6ks show distinct Ti and C particles.
The Ti powder appears slightly flattened and aggregated with
the C powder. No C peak is observed in the XRD pattern
owing to the fine grinding of C and its entrapment between
the Ti particles. However, the difference between the particles
is evident in the SEM images. The powder milled for 10.8 ks
shows repeated fracturing, and cold welding results in the
formation of a lamellar structure as depicted in Fig. 3(b).
After milling for 36ks, the Ti phase becomes thin with a
narrow interlayer spacing as shown in Fig. 3(c).

Figure 4 shows the internal strains and crystalline sizes of
the Ti phase in the milled powders. The internal lattice strain
rapidly increases from 0.027% to 0.28% after 3.6ks of
milling, and then gradually increases with increasing milling
time, reaching 0.4% at 36ks. The crystalline size of the Ti
phase sharply decreases from 57 to 40 nm after the initial
3.6 ks of milling and then gradually decreases as the milling
time increases.

The DSC curves of the milled powders are illustrated in
Fig. 5. The curve for the unmilled powder does not any peak,
whereas those of the powders milled for 3.6 and 36 ks exhibit
distinct peaks. The powder milled for 3.6ks exhibits an
exothermic peak at approximately 1100K; in contrast, the
powder milled for 36ks shows a peak at approximately
700 K. This result is attributed to the heat of formation of TiC
and aligns with the XRD results of the powder subjected to
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Fig. 3 Cross-sectional backscattered electron micrographs of the powders
milled for (a) 3.6ks, (b) 10.8ks, and (c) 36ks.

DSC. These findings indicate that prolonged milling reduces
the temperature required for TiC synthesis. Bhattacharya
and Arzt computed diffusivity by considering dislocation
accumulation [17] using:

D = Dy exp(—Q;/RT) + pb*pD. exp(—Q./RT)  (2)

where D; and D, represent the lattice and core diffusion
constants (m?/s) of the material, respectively; O; and Q.
denote the activation energies for lattice and core diffusion
(J/mol), respectively; b is the Burgers vector; p represents
the dislocation density; and B is the core diffusivity factor.
Equation (2) illustrates that diffusivity increases with
increasing dislocation density. The influence of crystalline
size on diffusivity is expressed by the following equation
[18]:

Dy = (1 — F)D; + FD, (3)

where Dy is the effective diffusivity (m?/s), F is the area
fraction of short-circuit paths (such as grain boundaries) in
a plane perpendicular to the diffusion direction, and D, is
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Fig. 5 DSC curves of the powders milled for (a) Oks, (b) 3.6ks, and
(c) 36ks.

the grain boundary diffusivity (m?/s). Because Dj is
typically larger than D;, Dy increases with decreasing
crystalline size.

Figure 4 shows that as milling time increases, the strain
within the material increases, while the crystalline size
decreases. Consequently, the milled powder exhibits a large
diffusivity and chemical reactivity. Therefore, prolonged
milling reduces the temperature required for synthesizing
TiC; this result is evident from the decrease in the TiC
formation temperature as is shown in the DSC curves
(Fig. 5). This relationship highlights the importance of
mechanical milling for optimizing the TiC synthesis
conditions.

3.2 Characteristics of the sintered compacts

Figure 6 shows the XRD patterns of the milled powders
subjected to spark plasma sintering. The profile of the
unmilled mixed sample subjected to sintering shows peaks
corresponding to Ti, TiC, and C, revealing the presence of
unreacted C. In contrast, only Ti and TiC peaks appear in the
XRD patterns of the milled samples subjected to sintering.
Figure 7 shows the relationship between milling time and the
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Fig. 7 Graph depicting the relationship between milling time and the lattice
parameter of the sintered compacts.

lattice parameter of sintered TiC. Evidently, the lattice
parameter is 0.430nm irrespective of the milling time.
Further, the stoichiometric ratio x of TiCy is correlated to
the lattice parameter, and for a lattice parameter of 0.430 nm,
the estimated x of the synthesized TiC is 0.5.

The backscattered electron images of the microstructures
of the sintered compacts, shown in Fig. 8, indicate the
presence of three distinct phases. Based on energy-dispersive
X-ray spectroscopy and XRD analysis results, we identify
these phases as: (1) pores or carbon (black component), (2) Ti
phase (brighter contrast), and (3) TiC phase (darker contrast).
The volume ratios of the TiC phases, determined through
image analysis and shown in Fig. 9, indicate that the
unmilled sample contains ~50% of TiC by volume. In the
samples milled for 3.6 and >21.6ks, the TiC volume ratios
increase to 67% and ~80%, respectively. In the unmilled
samples (Fig. 8(a)), the TiC phase is distributed over a region
of several tens of micrometers, with unreacted C interspersed
within the TiC phase. After milling for 3.6 ks, although the
size of the Ti phase remains unchanged, and the phase
appears flattened (Fig. 8(b)), a small amount of unreacted C
is still detected in the TiC phase. This unreacted C is finely
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distributed and thus cannot be detected in the XRD patterns
(Fig. 6).

The samples milled for 21.6 (Fig. 8(c)) and 36ks
(Fig. 8(d)) show more refined structures, with TiC phase
sizes of ~2 (Fig. 8(e)) and 1um (Fig. 8(f)), respectively.
This result indicates that prolonged milling produces fine
microstructures such that the phase size decreases with
increasing milling time. In addition, unreacted C is still
detected in the sample milled for 21.6ks (Fig. 8(e)). This
observation confirms that extended milling facilitates the
reaction between Ti and C as well as refines the micro-
structure, thus enhancing the overall properties of the
material.

The process of microstructure formation during the
sintering of unmilled or short-duration-milled powder
(3.6ks) involves several key stages. The microstructure
evolution during sintering is schematically shown in
Fig. 10(a). Initially, C present around the Ti phase diffuses
into Ti with increasing temperatures. However, the diffusion
coefficient of C in a-Ti is low (approximately 10~'¢cm?/s at
600 K) [19], and because of this low diffusion rate, minimal
diffusion occurs at low temperatures. When Ti undergoes
phase transformation to B-Ti, the diffusion coefficient of C in
Ti significantly increases to approximately 10~'°cm?/s [20].
Consequently, the diffusion of C into Ti and formation of
TiC predominantly occur after this B-transformation.

The absence of exothermic peak in the DSC curves
(Fig. 5) indicate that only a limited amount of TiC is formed
during the sintering of the unmilled powder. In contrast, the
DSC curve of the powder milled for 3.6ks exhibits an
exothermic peak around the B-transformation temperature,
which is approximately 1100K. In regions outside the Ti
phase, where the C concentration is high, C reacts with Ti
to form TiC around the Ti phase. Subsequently, C diffuses
through the newly formed TiC layer and reacts with Ti at the
Ti/TiC interface, thereby increasing the amount of TiC
formed. The large size of the Ti particles prior to sintering
impedes the diffusion of C to the center of these particles.
Additionally, after sintering, Ti is unevenly distributed,
forming large lumps.

The amount of TiC formed in the sample milled for 3.6 ks
is higher than that formed in the unmilled sample. This
increase in the TiC amount can be attributed to the enhanced
reactivity of the powder due to the accumulated lattice strain
and reduced crystalline size. Therefore, the milling process
plays a crucial role in modifying the microstructural
properties of the powder, and these modified microstructure
in turn affects the diffusion dynamics and efficiency of TiC
formation during sintering.

For the powders subjected to prolonged milling (milling
times: 21.6 and 36ks), the microstructure formation during
sintering follows a distinct process. A schematic of the
microstructure evolution during sintering is shown in
Fig. 10(b). The milled powder develops a lamellar structure
with a notably small interlayer spacing as shown in Fig. 3(c).
C, which is initially present in the surrounding of the thin Ti
layers, diffuses into Ti as the temperatures increases during
the sintering. As the milling time is increased, the crystalline
size decreases, the amount of accumulated lattice strain
increases, and the thickness of the Ti layer decreases.
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Fig. 8 Cross-sectional backscattered electron micrographs of the sintered compacts derived from the powders milled for (a) Oks,
(b) 3.6ks, (c) 21.6ks, (d) 36 ks. High-magnification views of the samples milled for (e) 21.6ks and (f) 36 ks.
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Fig. 9 Graph depicting the relationship between milling time and the
volume ratio of the TiC phase in the sintered compacts.
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Therefore, as the milling time increases, the number of grain
boundaries and lattice defects, which serve as diffusion paths
for C, increases [21]. Further, as the temperature increases, C
disperses uniformly throughout the Ti. With a further increase
in temperature, fine TiC is formed. The DSC results (Fig. 5)
indicate that TiC forms occurs at approximately 700 K in the
sample milled for 36ks.

Figure 11 displays the Vickers hardness values of the
sintered compacts. The Vickers hardness value of the TiC-Ti
composite prepared by sintering the unmilled powder is
approximately 400 Hv. The composite obtained from the
powder milled for 3.6 ks shows the highest Vickers hardness
value of 930Hv. After milling for 21.6ks, the Vickers
hardness value of the sample remains almost constant at
690 Hv, which is lower than those of WC—Co and WC-Ni
alloys, but comparable with that of a TiC-35% Ni cermet
[22, 23]. SEM images of the indentations on the sintered
compacts prepared from powders milled for 3.6 and 36 ks are
displayed in Fig. 12. Although the composite obtained from
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the powder milled for 3.6ks shows the highest hardness
value, cracks appear in the indentations of this composite
(Fig. 12(a)). In this sample, TiC is not finely dispersed;
instead, it shows a continuous dispersion profile. Because
of this continuous TiC, the depth penetrated by the indenter
is small. Thus, despite its high hardness value, the sample
lacks toughness. Conversely, cracks are not visible in the
indentations of the composite obtained from the powder
milled for 36ks (Fig. 12(b)). This result indicates that the
microstructure of this composite possesses excellent fracture
toughness.

This difference in the microstructural characteristics and
mechanical properties of the composites derived from the
unmilled and long-term-milled powders underscores the
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significant impact of the milling process. Overall, longer
milling times promote efficient synthesis of TiC at low
temperatures as well as contribute to the development of
composites with finer microstructures and enhanced me-
chanical properties, such as increased hardness and improved
fracture toughness.

4. Conclusion

A TiC-Ti composite was successfully synthesized by a
combination of mechanical alloying and spark plasma
sintering using Ti and C powders as raw materials. This
novel cermet composition effectively circumvents the use of
rare elements like W, Co, and Ni. The study was focused on
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Fig. 12 SEM images of indentations on the TiC-Ti composites sintered
from the powders milled for (a) 3.6ks and (b) 36 ks.

assessing the impact of non-equilibrium conditions during
the mechanical alloying stage on the properties of the
resultant composites. The key conclusions drawn from the
study findings are summarized below:

(1) As the milling time increased, the crystalline size of
the Ti phase decreased, while the Ilattice strain
increased, resulting in enhanced diffusion of C into
Ti. Consequently, TiC was successfully synthesized at
a low temperature; specifically, TiC formation was
achieved at approximately 700 K in the powders milled
for 36 ks.
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(2) Short milling durations resulted in the formation of
large Ti phase sizes of the order of several tens of
micrometers, within the sintered compact, and un-
reacted C remained in the composite. However, milling
for >21.6 ks led to the formation of a TiC—Ti composite
containing ~80% of finely dispersed TiC phase, whose
average particle size was in the range of 1-2 um.

The TiC-Ti composite, sintered from powder milled for
36ks, exhibited a Vickers hardness value of approx-
imately 700 Hv, which was comparable with that of a
TiC-35% Ni cermet.

These findings underscore the effectiveness of extended
milling in refining the microstructural features of the
composite and thus enhance its mechanical properties. These
results demonstrate that the composite prepared in this study
is a viable alternative to rare-earth-containing cermets.
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