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ABSTRACT

KEYWORDS

This study aimed to investigate the effect of sintering temperature on Ti;SiC, samples'
microstructure and mechanical properties, including three-point flexural strength, Vickers
hardness, and fracture toughness. Therefore, Ti;SiC, samples were sintered under a vacuum
atmosphere at a pressure of 35 MPa for 30 minutes at two temperatures of 1500 and 1550 °C
by hot pressing. The microstructure obtained from the fracture cross-section of the samples
shows that by increasing the sintering temperature to 1550 °C the microstructure of this sample
becomes larger than the sintered sample at 1500 °C. Also, increasing the sintering temperature
to 1550 °C causes the decomposition of Ti;SiC, to TiC, which can be seen in the X-ray
diffraction pattern (XRD). In addition, the relative density of the sintered sample at 1550 °C is
98.08% which is higher than that of the sintered sample at 1500 °C with the result of 89%. On
the other hand, the three-point flexural strength (227.5 MPa), the Vickers hardness (~9 GPa),
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and the fracture toughness (8.6 MPa.m"?) of the sintered sample at 1500 °C are higher due to

the fine-grained structure.
© 2021 The Authors. Published by Synsint Research Group.

1. Introduction

The MAX phases are a group of ternary (i.e., consisting of three
elements) compounds with the family formula: My;;AXy; where M is
early transition metal; N is a round number 1, 2, or 3; A is an element
from groups mostly IIIA and IVA in the periodic table of the elements
and X is either nitrogen or carbon [1, 2]. MAX phases are divided into
classes according to the value of N, and Ti;SiC, belongs to class 312.
There are three classes of MAX phases; the other two are 211 and 413,
with N values of 1 and 3 [3]. MAX phases have attracted much
attention recently [4]. Electrically, thermally and elastically, the MAX
phases share many of the advantageous attributes of their respective
binary metal carbides or nitrides: they are thermally and electrically
conductive and elastically stiff [3, 5]. They have a high stiffness [6].
Their layered structure achieves the MAX phase's characteristic and
unusual combination of mechanical properties [7]. The bonds within
the nitride or carbide layers are very strong, while the bonds between

* Corresponding author. E-mail address: sh_hajiamiri@tabrizu.ac.ir (S. Haji Amiri)

the layers are weaker and allow for basal slip and dislocation [3]. MAX
phases combine some advantages of ceramic and metal, and the ternary
compounds have an abrasion-resistant layer that can be machined and
do not become brittle [8-10]. Recently, Ti;SiC, has been of practical
interest because of its unique and excellent combination of physical
and mechanical properties such as relatively low hardness (Hy 4 GPa),
high electrical (4.5x10°Q'm™) and thermal conductivities (40 W/m.k)
which is twice that of titanium metal [11-14], excellent oxidation
resistance, thermal shock resistance, high melting point (3000 °C), high
damage tolerance, machinability, high stability at high temperatures,
relatively low density (4.53 g/cm?), high elastic modulus and strength,
and a high ratio of fracture toughness to strength, also self-lubricating
properties [4, 15-19]. In addition, the specific stiffness of Ti;SiC, is
roughly three times that of titanium metal [20-24]. Also Ti;SiC, and
TiC have similar bonding environment as both of them share Ti-C
covalent bond and due to that, Ti;SiC, shares many of the properties of
their corresponding binary carbide, TiC [25]. These properties have
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made the MAX phases good candidates for the replacement of high- a)

® TisSiC:
temperature ceramics and metals in the industries [26]. It is mainly = Ti
used as corrosion and wear protective material, high-temperature A TiC
structural materials, batteries and heat exchangers, etc. [6]. Also this . :?‘lsl
different classification of properties makes Ti;SiC, a promising = c

material especially for high temperature applications [27] and many
important industrial applications [28] such as engine cylinders and jet

engines, electrical contacts, turbine blades, Severe environment like in

Intensity (a. u.)

spacecraft [25]. The crystalline structure of Ti;SiC, is composed of
hexagonal lattices of Si atoms separated by three closely spaced Ti
layers, which place the C atoms in octagonal positions [29, 30].
Therefore, it is important to make high purity and fully dense bulk
Ti;SiC, samples. Zhou et al. [31] were the first who synthesize the

ternary compound via a chemical reaction between Si, graphite, and
TiH,, at 2000 °C, followed by the work of Nickl et al. [32] by using the
chemical vapour deposition (CVD) method. During the last decade,
different methods have been used to synthesize bulk Ti;SiC,, such as
hot isostatic pressing (HIP), reactive sintering, arc melting, hot pressing
(HP), and others. However, the synthesis process of all these
techniques involves high temperature and pressure or is much time-
consuming [33, 34]. Due to the presence of impurity phases in the
purchased ready-made Ti;SiC, powder according to the relevant X-ray
diffraction pattern, the aim of this study is to investigate the effect of
different temperatures with a difference of 50 °C on the hot-pressed
monolithic Ti;SiC, samples and the formed phases, microstructure and
mechanical properties, to see at which sintering temperature the
impurity phases disappear or reach their minimum value. The sample's
microstructure, mechanical and physical behavior produced by
different analytical techniques such as XRD, SEM, three-point flexural
strength, Vickers hardness, and fracture toughness tests were
investigated.

2. Experimental
2.1. Sample preparation

In this research, purchased ready-made Ti;SiC, (average particle size :
< 15 pm; Xi'AN BIOF BIO-TECH Co. Ltd.) was used as starting
material. Before sintering, the X-ray diffraction pattern and SEM
micrographs of the purchased ready-made Ti;SiC, powder with 2
different magnifications are shown in Fig. 1. The X-ray diffraction
pattern of the Ti;SiC, powder indicates that, the main peak at an
approximate position of 41 ° corresponds to the Ti;SiC, and Ti phases.
In addition to the main phases, the TiC phase is seen in the pattern.
Also, the unreacted C and Si elements beside to the TiSi phase were
detected in the pattern as impurity phases. The reason for the existence
of such phases can be attributed to the imperfection of chemical
reactions and the synthesis process as well as the low temperature of
the process. For this purpose, in order to remove impure phases
including TiC, C and Si, the purchased MAX phase powder was
sintered at two different temperatures and the results were investigated.
Also SEM images of Ti;SiC, MAX phase powder show the layered
structure of this compound along with the impure phases observed in
the XRD pattern of this sample.

To get rid of impure phases, the sample for comparison in 2 different
temperatures was hot-pressed. For the hot pressing process, Ti;SiC, Fig. 1. a) X-ray diffraction pattern and b, ¢) SEM micrographs
powder was poured into graphite cylindrical molds measuring of as-purchased Ti;SiC, powder in two different
25x10x10 mm’. Because most of the MAX phase powder melts and magnifications.
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reacts with the graphite mold, to prevent the adhesion of the mold
surfaces and the produced samples, we used graphite sheets with a
thickness of 0.2 mm to easily remove the samples from the mold, and
also we used boron nitride (BN) with a grain size of about 2 um due to
its neutrality and lubricating properties. Finally, thin pieces of graphite
sheets with suitable dimensions were used to cover the surfaces in
contact with the punch. The hot pressing process was performed at
1500 °C and 1550 °C for 30 minutes in a vacuum chamber (5x107 Pa)
at a pressure of about 35 MPa. At the end of the process, the heating
system was turned off, and the furnace was cooled to room
temperature. The surfaces of the samples were then ground with SiC
sandpaper, then polished with diamond paste, and then ultrasonically
cleaned in a distilled water bath and air-dried.

2.2. Characterization of the samples

The phase analysis of the hot-pressed samples was performed by a
Bruker advanced D8 X-ray diffractometer with the following
specifications: Cu lamp, A = 1.54 A, 40 kV, 40 mA, and step size of
20 degree. The XRD spectra were analyzed by the X'Pert High Score
Plus package. A TESCAN field emission scanning electron microscope
was employed to study the microstructure of the specimens. Chemical
analysis of the elements was performed by energy dispersive
spectroscopy (Digital X-Ray Processor: DXP-X10P). The Archimedes
method was applied to measure the bulk density of the samples, using
distilled water as the immersing medium, according to the ASTM C20
standard. The relative density was calculated using Eq. 1:

RD =L 100 )

Pt
where RD is the relative density, p, is the bulk density, and p, is the

theoretical density. The rule of mixtures was used to estimate the
theoretical density of samples. The porosity of the samples was
calculated according to Eq. 2:

P=100-RD )

where P is the percentage of porosity in the hot-pressed samples.

The samples with the dimension of 25x4x3 mm® were first cut from the
primary samples to study the mechanical properties of the
manufactured specimens. Then, the sliced samples were ground and
polished with diamond paste, and the three-point flexural strength test
(Zwick Roell) was performed according to ASTM C1161 standard. The
three-point flexural strength was evaluated by Eq. 3:
S= ERCH 3)

2 bh?

where S is the three-point flexural strength (MPa), h is the height
(mm), P is the applied load (N), and b is the width of the sample (mm),
L is the bearing distance that is 20 mm, and the loading rate is
0.1 mm/min. Five samples were tested for each sample to measure the
three-point flexural strength. Also, the Vickers hardness of the
specimens was measured using a 50 N indentation load and a 20 s
dwell time (SCTMC HV-1000Z) as given in Eq. 4, according to ASTM
E92 standard:

H, :1.854(% @

where Hy is Vickers hardness, d is the average length of the diagonal
left by the indenter, and P is the applied load. Each expressed
magnitude of Vickers hardness has been repeated an average of

8 times.

The fracture toughness of the samples was obtained by direct
measurement of induced crack length (by indentation technique). After
measuring Vickers hardness by depressions on polished surfaces, the
fracture toughness of the samples was calculated. If the recess force is
sufficient, radial cracks will form in the corners of the recess molds. By
measuring the length of the cracks by light microscopy (Eclips MA10),
the fracture toughness of the samples was obtained using the Eq. 5:

Kic = 0016(%)“(%) ®)

where K¢ is fracture toughness, Hy is Vickers hardness, E is elastic
modulus, P is indentation load, and C is the mean length of cracks.

The grain thickness of the samples was calculated by ImageJ software
(version 1.44) with the help of SEM micrographs of the samples.

3. Results and discussion

The XRD spectra of the hot-pressed monolithic Ti;SiC, specimens at
1500 °C and 1550 °C are shown in Fig. 2. According to Fig. 2, only the
Ti5SiC,, TiC, and TiSi, phases were identified in the XRD pattern of
the hot-pressed Ti;SiC, sample at 1500 °C. In the hot-pressed Ti;SiC,
sample at 1550 °C, the Ti;SiC, and TiC phases were identified in the
XRD pattern. In the Ti;SiC, sample sintered at 1500 °C, Ti;SiC, phase
was as the main phase, but in the Ti;SiC, sample sintered at 1550 °C,
the TiC phase is identified as the main phase which has been attributed

(b) A ® Ti3SiC2
A TiC
‘ - -
® & TiSiz
A
L
A o
'y
®
2 [Weihaly
&
E, (a)
g
= ®
=
L 4
a |\ % : . :
| o% Noie oA el
30 40 50 60 70 80

20 (degree)

Fig. 2. X-ray diffraction patterns of Ti;SiC, specimens hot-pressed at
a) 1500 °C and b) 1550 °C.



S. Haji Amiri & N. Pourmohammadie Vafa

SYNTHESIS AND SINTERING 1 (2021) 216-222

219

to the decomposition of Ti;SiC, during hot pressing due to the weak
resistance of Ti;SiC, against carburization (see Eq. 6) [35-37].

Ti;SiC; + (3x-1)C = 3TiC, + SiC ()

The presently reported data show that Ti;SiC, is thermally stable up to
about 1500 °C. Above this temperature, it withstands a decomposition
and the kinetics is highly relevant on the nature of the environment
which surrounds Ti;SiC,. A graphite crucible seems to begin the
decomposition process, resulting in a decomposition threshold
temperature 50 °C more than for an alumina crucible, in which Ti;SiC,
is stable up to about 1450 °C and then is decomposed very slowly. The
following reaction can be responsible for the decomposition of Ti;SiC,

(see Eq. 7) [38]:
Ti3SiCy(s) = 3TiCy(s) + Si(g), AG = 181 KJ/mol (7)

In the environment around graphite, Eq. 7 can lead to the formation of
SiC, according to the following equation (see Eq. 8):

Si(g) + C = SiC, AG = -276 KJ/mol ®)

Comparing Figs. 1 and 2, it is seen that the free Si, C and Ti elements
react together to form the Ti;SiC, and TiSi, intermediate phases. The
TiC phase with low-intensity is also present in the sintered Ti;SiC,
MAX phase sample at 1500 °C, and with high-intensity (main peak) is

(d)

seen in the sintered samples at 1550 °C. This decrease and increase for
the intensity of TiC phase can be attributed to the reaction of this
substance with Si for achieving the Ti;SiC, phase and partial
decomposition of the Ti;SiC, phase at high temperatures according to
Eq. 6.

Scanning electron microscopy (SEM) was used to study the fracture
surface of the hot-pressed monolithic Ti;SiC, specimens at two
different temperatures with two different magnifications (Fig. 3). As
can be seen from the micrographs, in the hot-pressed Ti;SiC, sample at
1500 °C, Ti3SiC, grains with the elongated and layered structure were
identified, and based on the XRD pattern of this sample, the impure
phases of TiC and TiSi,, respectively Light gray and dark gray particles
are mainly distributed in Ti;SiC, grain boundaries and inhibit the
growth of Ti;SiC, granules of a, b. Also, in the hot-pressed Ti;SiC,
sample at 1550 °C c, d, layered and elongated Ti;SiC, particles along
with light gray TiC particles are visible in the microstructure. The only
difference in the microstructure of the two samples is the limited
placement of TiC particles in the grain boundaries of hot-pressed
Ti3SiC, particles at 1550 °C, which causes the growth of Ti;SiC,
particle grains. The grain thickness of the samples is reported in
Table 1. It is also worth noting that in both monolithic specimens, both
transgranular and intergranular fractures were observed. The fracture
mode of Ti;SiC, grains includes partial intergranular fracture leading to

Fig. 3. SEM images of Ti;SiC, specimens hot-pressed at a, b) 1500 °C and c, d) 1550 °C.



220 SYNTHESIS AND SINTERING 1 (2021) 216-222

S. Haji Amiri & N. Pourmohammadie Vafa

Table 1. Particle thickness of as-received Ti;SiC, material and grain
thickness of hot-pressed Ti;SiC, specimens.

Sample Thickness (um)
Ti;SiC, powder 1.24+0.31
Ti3SiC; hot-pressed at 1500 °C 1.26 £ 0.68
Ti;SiC; hot-pressed at 1550 °C 1.36 +£0.85

integrated layer microstructure and partial transgranular fracture
indicating cleavages in the sample [14]. The presence of these two
failure modes indicates the existence of phases with different hardness.
Similar failure modes were observed in the formation of Ti;SiC,
reported by Abderrazak et al. [28].

Bulk and relative density together with total, apparent, and closed
porosity values of the hot-pressed Ti;SiC, samples at 1500 °C and
1550 °C are presented in Table 2. Hot-pressed Ti;SiC, at 1550 °C has a
higher density than the sample hot-pressed Ti;SiC; at 1500 °C. Due to
the decomposition of the sintered Ti;SiC, sample at 1550 °C to the TiC
phase as the main peak with a theoretical density of 4.91 g/cm’ [39], the
density of the sintered Ti;SiC, sample at 1550 °C increased compared
to the sintered Ti;SiC, sample at 1500 °C. In contrast, the hot-pressed
Ti5SiC, sample at 1500 °C has a lower density than the hot-pressed
Ti;SiC, sample at 1550 °C due to the formation of minor TiC phases
with a theoretical density of 4.91 g/cm® and TiSi, with a theoretical
density of 4.02 g/em’. Also, the decrease in density of hot-pressed
Ti3SiC, sample at 1500 °C compared to hot-pressed sample at 1550 °C
can be attributed to sintering conditions such as relatively low reaction
temperature [33, 40].

The three-point flexural strength of the monolithic Ti;SiC, samples
produced at two different temperatures was investigated (Fig. 4).
According to this figure, the three-point flexural strength of the hot-
pressed monolithic Ti;SiC, specimen at 1500 °C was 227.5 MPa.
While the three-point flexural strength of the hot-pressed monolithic
Ti5SiC, specimen at 1550 °C was 179.9 MPa. The three-point flexural
strength of the ternary layered compound Ti;SiC, is 260-600 MPa [17,
25]. According to the X-ray diffraction pattern of both hot-pressed
samples at 1500 °C and 1550 °C, the TiC phase is formed in both
samples, while in the hot-pressed sample at 1550 °C is seen as the main
peak resulting from the partial decomposition of Ti;SiC, and is
dominant over Ti;SiC,, due to the mismatch of the coefficient of
thermal expansion between Ti;SiC, (9.7x10°%/K along c-direction and
8.6x10°/K along a-direction) and TiC (7.4x10°/K) [25, 41], the three-
point flexural strength of the sintered Ti;SiC, specimen at
1550 °C decreased compared to the sintered specimen at 1500 °C.
Besides that, according to the images obtained from scanning electron
microscopy and reported grain thicknesses in Table 1, the TiC and
TiSi, phases formed in the hot-pressed Ti;SiC, sample at 1500 °C

compared to the hot-pressed Ti;SiC, sample at 1550 °C are located in
the grain boundaries and prevents the growth of Ti;SiC, grains
compared to the hot-pressed sample at 1550 °C. Due to the Hall-Petch
effect and the inverse relationship between grain size and strength, it
causes an increase in the three-point flexural strength of this sample
compared to the hot-pressed sample at 1550 °C. On the other hand,
increasing the sintering temperature to 1550 °C causes grain growth
and decreases the three-point flexural strength. Also, the three-point
flexural strength of both specimens decrease compared to the Ti;SiC,
MAX phase which could be the result of an increase in grain thickness
of both sintered samples compared to Ti;SiC, MAX phase [27].
Vickers hardness values of the hot-pressed monolithic Ti;SiC, samples
at 1500 °C and 1550 °C are shown in Fig. 5. The hardness values
measured in this study are higher than the values reported for the
monolithic Ti;SiC, MAX phase (~4 GB) [17]. In the hot-pressed
Ti3SiC, sample at 1500°C, due to the formation of the TiC and TiSi,
phases in the sample and the high hardness of the TiC phases
(28-35 GPa) [41] as well as the TiSi, phase (~8 GPa) [42], and also
due to the high three-point flexural strength of this specimen, the
hardness of this sample is high (~ 9 GPa). In the case of the hot-pressed
Ti3SiC, sample at 1550 °C, hardness of 7.1 GPa has been reported,
which according to the corresponding X-ray diffraction pattern, is
attributed to the presence of TiC in the sample as the main peak
resulting from the decomposition of Ti;SiC, at 1550 °C. By increasing
the temperature, also there is high TiC particles in this sample but grain
growth over comes to the high hardness of TiC particles (28-35 GPa)
and causes the decrease in the hardness.

Fig. 6. shows the fracture toughness of the hot-pressed monolithic
Ti3SiC, samples at 1500 °C and 1550 °C. As you can see, the fracture
toughness for the hot-pressed Ti;SiC, sample at 1500 °C is
8.6 MPa.m'? and for the hot-pressed Ti;SiC, sample at 1550 °C equal
to 7.8 MPa.m"? which are in the range of the value reported for the
Ti;SiC, MAX phase sample (6-11 MPa.m'?) [17]. One of the main
reasons for the increase in fracture toughness of the sintered Ti;SiC,
sample at 1500 °C compared to the sintered sample at 1550 °C can be
attributed to the presence of TiC and TiSi, particles in the Ti;SiC, grain
boundaries and the formation of fine grain structure which causes
increasing grain boundaries. Since the grain boundaries have energy, at
the moment of impact of the crack on the grain boundaries, the crack
energy is taken by the grain boundary [43, 44], which leads to
increased fracture toughness and three-point flexural strength of this
sample compared to the sintered sample at 1550 °C. Also, in the
sintered sample at 1550 °C, due to the X-ray diffraction pattern and the
presence of TiC phase resulting from Ti;SiC, decomposition as the
main peak and the dominance of this phase over the Ti;SiC, phase in
the sample, due to mismatch of thermal expansion coefficient between
Ti3S1iC, and TiC, the fracture toughness of this sample is lower than
that of the sintered sample at 1500 °C.

Table 2. Bulk and relative density as well as closed, apparent, and total porosity values of Ti;SiC, specimens hot-pressed at two different temperatures.

Sample Bulk density Relative density Total porosity Apparent porosity Closed porosity
P (g/em’) (%) (%) (%) (%)
Ti;SiC; hot-pressed at 1500 °C 4.03 89 11 4.09 6.94
Ti;SiC; hot-pressed at 1550 °C 4.44 98.08 1.92 1.52 0.41
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Fig. 4. Three-point flexural strength of Ti;SiC, specimens hot-pressed

at two different temperatures.

4. Conclusions

In summary, this project aims to determine the effect of different
sintering temperatures with a difference of 50 °C on the hot-pressed
monolithic Ti;SiC, samples and the formed phases, microstructure and
mechanical properties, to see at which sintering temperature the
impurity phases disappear or reach their minimum state. Therefore,
samples were sintered at 35 MPa under vacuum for 30 minutes at 1500
and 1550 °C by the hot-press method. According to the results
obtained, the hot-pressed monolithic Ti;SiC, sample at 1500 °C has
good situation compared to the sintered sample at 1550 °C. SEM
images of the cross-sectional area of the samples show that with
increasing sintering temperature to 1550 °C, the microstructure of the
sintered sample at 1550 °C compared to the sintered sample at 1500 °C
due to the limited placement of TiC particles in the grain boundaries
increased. Also, increasing the sintering temperature to 1550 °C causes
the decomposition of Ti;SiC, to TiC, which can be seen as the main
peak in the X-ray diffraction pattern. This leads to an increase in the
relative density of this sample compared to the sintered sample at
1500 °C.

On the other hand, the three-point flexural strength of the sintered
sample at 1500 °C due to the TiC and TiSi, particles in the grain
boundaries of Ti;SiC, particles prevent the growth of these grains,
compared to the sintered sample at 1550 °C has been increased. As a
result, the fracture toughness of this sample (Ti;SiC, at 1500 °C) is
higher than that of the sintered Ti;SiC, sample at 1550 °C due to the

10

=

Vickers hardness (GPa)

Ti3SiCz at 1500 °C Ti3SiCz at 1550 °C

Fig. 5. Vickers hardness of Ti;SiC, specimens hot-pressed at two
different temperatures.

104

Fracture toughness (MPa.ml/ 2)

TizSiC:2 at 1500 °C Ti3SiC: at 1550 °C

Fig. 6. Fracture toughness of Ti3SiC, specimens hot-pressed at two
different temperatures.

fine-grained structure and more grain boundaries. Also, the Vickers
hardness of the sintered sample at 1500 °C is higher due to the fine-
grained structure.
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