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ARTICLE INTFO ABSTRACT
Article history: Composites of titanium nitride reinforced with graphite were synthesized using spark
Received 18 January 2020 plasma sintering at 2000 °C. The effects of graphite addition on the microstructure, relative
Accepted 10 March 2020 density, and mechanical properties of TiN ceramics matrix were examined. The investiga-
Available online 27 April 2020 tion was performed on TiN powder with varying graphite content (1-5 wt.%) for 8h using an
energy ball milling equipment. Results show that TiN without and with graphite (TiN + 1 wt.%
Keywords: graphite) sintered at 2000°C recorded sintered relative density of 96.7% and 97% respec-
TiN tively. Additionally, TIN with 3wt.% graphite had a relative density of 98%. However, the
Graphite shrinkage of TiN + 3 wt.% graphite was observed to be the lowest compared to other com-
Spark plasma sintering posites at the same sintering conditions. Microstructural analysis indicates that the grain
Microstructure of titanium nitride in the composite was very fine and continuous. Subsequently, a bimodal

particle sizes were observed when 5 wt.% graphite was dispersed in TiN. The highest Vickers
microhardness of 23.5 GPa and fracture toughness of 6.5 MPam¥? were achieved with com-
posites reinforced with 3 wt.% graphite at milling period of 8 h. The combination of TEM/EDS
and HRTEM/FFT show a single pattern of diffraction and consistency in interplanar distance
obtained from X-ray diffractometry of the milled sample. There is a clear coherence interface
between the phases.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

engineering ceramic materials due to its high thermal and
electrical conductivities, high melting point (about 3200 K), low
coefficient of friction, good chemical stability and corrosion
resistance [1,2]. Graphite as a carbon-based material in this
study is regarded as a good inhibitor to the formation of inter-
metallic binder compounds and proffer the risk of enhanced
properties to the cermet. Graphite in view of its great financial
values is effectively accessible and generally referred to as a

1. Introduction

Titanium nitride (TiN) is an important covalent ceramic
material that is widely recognized as the most captivating
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solid lubricant as well as commodity mineral. Graphite could
serve as a good material in the manufacture of self-lubricating
tools in powder metallurgy. On account of the excellent prop-
erties of TiN and graphite, there applications can be found in
Jet motor parts, cutting tools, milling, sectioning, boring, etc.
[3]. However, because of high melting point and low degree of
diffusion of titanium nitride and graphite, TiN and graphite
are hard to sinter as composites. Few articles are available on
TiN-graphite composites fabrication via powder mixing (in a
Turbula Shaker Mixer) and thereafter sintering using a con-
ventional sintering procedures, for example, hot pressing or
pressure-less sintering [4-8|.

Compared to other conventional sintering methods avail-
able in literatures, obtaining a very dense sintered composites
have been ascribed to the utilization of spark plasma sintering
(SPS) on account of reducing grain growth in the composite
structure, which could later offer the best mechanical prop-
erties of the sintered cermet. Among spark plasma sintering
processes, a pulse DC could be provided to a conductive die
and the admixed powders. The admixed powders present
within the die are consistently heated all around. TiN-TiB,
composite is conceivably sintered by spark plasma sintering
just like other ceramic composites that cannot be completely
densified by common conventional sintering processes [9].
Reactive spark plasma sintering of TiN-TiB, composites with
different proportion of TiH,, BN, B and TiN were before-
hand reported by Khobta et al. [10] and Petukhov et al. [11].
However, in view of its exothermic response, a completely
dense body could not be acquired. Furthermore, high dense
sintered TiN-TiB, composites were acquired by hot-pressing
at high temperatures. Nonetheless, prolonged sintering time
is required which could result in the development of grain
growth and bring about poor mechanical properties. On the
other hand, conventional sintering techniques have been
utilized to sinter submicron size titanium nitride, which
resulted in low densification [12-15]. Additionally, the devel-
opment of grains within the microstructure of the sintered
TiN contributes to the weakness observed in the mechanical
properties of any ceramic materials [10]. In other to improve
the mechanical properties of ceramic materials, several rein-
forcing materials such as metal binders (iron (Fe), nickel (Ni),
cobalt (Co), etc.), nitrides, carbide, oxides and hydrides of sev-
eral elements and compounds have been used to reinforced
ceramic matrix materials according to [16-19]. From literature,
it was discovered that an improved mechanical properties of
any ceramic matrix composites could only possible with inclu-
sion of secondary phase in the cermet [20]. Compared to any
other sintering techniques, spark plasma sintering has been
generally accepted because of its several advantages and its
capacity to sinter with minimum deficiencies, little holding
time, good thermal stability and high temperature for short
range of time [10,21-29].

Notwithstanding, a few studies have been done on
the improvement of sintering techniques, densification and
mechanical properties of titanium nitride. However, there
are a few difficulties encountered in order to fabricate a
technological proven TiN ceramic without binders. Uncontrol-
lable growth of grains in the developed TiN based ceramics
composites has been a major problem. This major problem
serves as a challenge for researchers to analyze different

Table 1 - Details of as-received powders and
specifications.

Matrix TiN

Manufacturer >99 wt.% purity (600140 from China)

Average particle size 1.15 um size, 3kg net weight
Reinforcement Graphite

Average particle size 1.2 um

Manufacturer Sigma-Aldrich, South Africa

techniques to determine the current existing issues of such
ceramics.

Some studies have shown that the relative density of
approximately 99% is possible for titanium reinforced with
titanium diborides. Uniaxial pressure of 35MPa was applied
for a period of 10min and thereafter sintered at 2100 °C [30].
Khobta et al. [10] reported poor mechanical properties for tita-
nium diboride (TiB;) when sintered at heating rate between
112.5 and 300 °C/min. Kitiwan et al. [31,32] also obtained high
hardness and fracture toughness (20.1GPa and 4.3MPam'/?,
respectively) when TiN is reinforced with TiB, and hBN [31,32].
Some additives such as hexagonal boron nitride, TiB, and
titanium oxides have been used to reinforce TiN in order to
improve their thermomechanical properties [32-36].

The present investigation study the sintering behaviours of
TiN based cermets reinforced with graphite. The influence of
graphite on the sintering parameters, microstructure, phase
change and mechanical properties such as hardness and frac-
ture toughness were examined.

2. Experimental

Titanium nitride (TiN) and graphite powders were utilized as
presented in Table 1. TiN powder served as a matrix with
graphite powder as reinforcement. Four varying composi-
tions of TiN and graphite powders were developed (pure TiN,
TiN+1wt.% graphite, TIN+3wt.% graphite and TIN+5wt.%
graphite) and milled for 8h in a high energy ball mill (HEBM
Retsch PM 400, Germany) using WC balls (with ethanol as
milling medium) at a ball to powder ratio of 10:1 and speed
of 250 rpm. Vacuum extractor was used to dry the sample for
2h at80°C.

The milled powders were then consolidated in a 20mm
diameter die via spark plasma sintering (model HHPD25, FCT
Germany) at 2000 °C, sintering rate of 100 °C/min, applied pres-
sure of 50MPa and holding time of 900s. The thickness of
each sample after sintering was 4.5 mm. The straight shrink-
age of the samples amid sintering were observed by dislodging
a punch pole [37]. The values of the apparent density were
estimated utilizing the Archimedes technique, and the rela-
tive density was ascertained from the hypothetical density of
TiN (5.4 gcm—3) and graphite as (2.2 gcm™3).

The phases present before and after sintering were ana-
lyzed by X-ray diffractometry (PANalytical Empyrean) with
Cu-Ka radiation. Microstructures were obtained by utiliz-
ing a field emission scanning electron microscope at 10kV
using FE-SEM JSM-7600F. The detail analysis of the milled
powders was further characterized by high resolution Trans-
mission electron microscopy (HRTEM) using FEI Themis-Z
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Fig. 1 - SEM morphologies and corresponding XRD patterns of (a, b) pure TiN and (c, d) pure graphite.

Double-corrected 60-300kV S/TEM at University of Sydney
nanoscience hub. After mounting, the microstructural anal-
ysis of the sintered samples was investigated using SEM with
model (JEOL JSM-7600F) equipped with EDS known as energy
dispersive spectroscopy. The microhardness together with
the fracture toughness were carryout using microhardness
tester (FALCON 500 series) to determine the average Vickers
micro indentation hardness and fracture toughness after five
repeated experimental values at a load of 1kgf [1,7].

3. Results and discussion
3.1.  SEM and phase analysis of as-received powders

Fig. 1a illustrates the SEM morphologies of TiN powders with
a randomly distributed particles and average particle size
less than 2.0 pm while the natural flake graphite powder (see
Fig. 1c) has a flake-like morphology. The XRD patterns of the
starting powders are shown in Fig. 1b and d. The crystalline
phases detected in Fig. 1b are typical of pure TiN.

The highest intensity peak for TiN powder was identified at
peak position of 20 =42.6° which correspond to (200) plane, fol-
lowed by other peaks at 20=36.6°, 61.8°, 74.1° and 77.9°, which
correspond respectively to (111), (220), (311) and (222) planes of
TiN. The highest peak intensity of 20=26.6° was observed for

graphite corresponding to (002) plane [1,38]. Other peaks are
located at 26=44.3° and 54.5° corresponding to planes (101)
and (004) respectively.

3.2.  SEM and XRD analysis of the milled powders

Fig. 2 shows the SEM morphologies of milled TiN with differ-
ent proportions of graphite (1-5 wt.%). It could be seen that the
powders display particles of different shapes and sizes. Also,
the milled powders display some degree of agglomeration
after milling for 8h with some irregular, flaky and spherical
morphologies which resulted in spongy appearance.

Likewise, there is a reduction in particle size of the powders
after milling for 8h when compared with pure TiN without (in
Fig. 1a) and with graphite additions as shown in Fig. 2a, c and
e.

From the X-ray pattern of the milled powders as shown in
Fig. 2b, it was observed that similar peak positions of 20 =42.6°,
36.6°, 61.8°, 74.1° and 77.9° were detected which is quite simi-
lar to as-received pure TiN and FCC TiCp 3Np 7. This steady state
in diffraction angles at ~43° shows that all the samples exhibit
the same lattice parameters due to dissolution of carbon (C),
nitrogen (N) and titanium (Ti). According to recent work done
by Takamori et al. [39], titanium alloys can only accommodate
the maximum solubility of 0.2at.% carbon. This percentage
is observed to be conspicuously lesser than the percentage
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Fig. 2 - SEM micrographs and corresponding XRD patterns of the milled samples (a, b) TiN + 1 wt.% graphite, (c, d)

TiN + 3 wt.% graphite and (e, f) TiN + 5 wt.% graphite.

of graphite used in reinforcing the titanium nitride matrix in
this study. As a result of the clear crystallinity of the milled
powder, carbon (graphite) peaks were retained and there is no
observable shift in the atomic scattering factors of titanium
nitride which agrees with Lohse et al. [40] and Ye and Quan
[41]. It has been noticed that a decrease in the peak’s inten-
sity of titanium carbonitride as the percentage composition of
graphite increases in Fig. 2b, d and f. Moreover, all the diffrac-
tion peaks position was observed to be in good conformity
with NaCl rock salt crystal type faced centre cubic (FCC) phase.
This phenomenon was achieved as a result of decomposition

of ethanol as the process control agent when allowed to react
with TiN in the milling vials, also the reaction that exist among
(carbon C, nitrogen N, and titanium Ti).

Dorofeev et al. [42] reported the formation of a completely
stabled titanium carbide when TiCxHy was heated in a vacuum
[42]. Changing the milling time has been confirmed as the
important milling parameters necessary for milling titanium
in toluene as the principal component analysis (PCA) to form
carbon to titanium ratio by [43]. There is also a documented
evidence that an in situ titanium carbide formation is pos-
sible when milling titanium and carbon because of diffusion
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1-5wt.% graphite additions.

propagated by mechanical induced self-propagating reaction
[44].In this experiment, the millingin wet condition was inves-
tigated so there are no signs of any high adiabatic temperature
involved in the reaction at room temperature, which could be
possible in dry milling [45-48]. The focus of this study is to
produce TiCN of different C/N ratio that will give the optimum
level of toughness for high speed cutting tools application
without the application of any metallic binders. Generally,
TiN, TiC, TiCN and TiAlIN have similar peak positions [49-53].

3.3.  Densification behaviours and microhardness
values

Fig. 3 shows the sintering temperature against sintering time
on the sintered TiN-graphite composites at 2000 °C. An applied
pressure of 50 MPa was maintained all through the sintering
regime. Firstly, the graphite die was pre-heated from 0°C to
about 250°C and thereafter, incresed steadily to 2000°C at
a constant heating rate of 100°C/min. At the peak tempera-
ture (i.e. 2000°C), the temperature was held for about 10 min.
Generally, the sintered composites display similar trend in the
sintering temperature profile.

Fig. 4 presents the rate of densification of the sintered
composites. The parameters used in determining the rate of
densification of the sintered samples are as follows;

_ bind/ts :|
brp B [bfd - bind (1)

where by, =is the densification rates parameters, pi,g =is the
initial density of the composite, bfd =is the final density of the
composite and ts =sintering time

Fig. 4 shows that the rate of densification of the compos-
ites commenced from 650 to 1700°C. The displacement of
titanium nitride-graphite composites follow the same trends,
expecially within the temperature range of 1000-1800°C [11].
It was observed that the rate of densification increases at
1wt.% graphite and later decreases as the percentage weight
of graphite contentincreasesin the titanium nitride, which is a
clear indication of difficulty encountered while sintering tita-
nium nitride with an increase in carbon content. This is also in
support of the statement “the densification of titanium alloys
improves by lowering the C/TiN ratio” despite reducing the
volumemetric shrinkage due to conversion of titanium car-
bonitride. The sample with 1wt.% graphite demonstrate the
highest rate of densification at 0.45°s~! as seen in Fig. 4 fol-
lowed by sample with 5wt.% graphite at 0.25s7! and 3wt.%
graphite at 0.23°s71. The highest rate of densification was
obtained at 0.51s~! for pure titanium nitride matrix. The
lowest rate of densification experienced by other composites
could be as a result of segregated graphite in the titanium
nitride which is clearly seen as pores and undissolved carbon
in the microstructure in Fig. 7.

The optimum shrinkage observed in the compositions
investigated in Fig. 4 could be attributed to constant heat-
ing rate of 100°C/min as well as the graphite content in the
sintered ceramic composites. The exothermic reactions tak-
ing place in between the Ti and N atom could also contribute
to self-heating of the ceramic composites which in the end
lead to structural development or formation of structures in
the ceramic composites. Therefore, ceramic composites con-
taining 1wt.% graphite have the higher optimal shrinkage in
contrast to TiN ceramic composite containing 3 and 5wt.%
graphite. This is due to present of carbon (graphite) and nitro-
gen as an exceptional lubricant right from the milling stage
of the powders. Classically, at the temperature of 1500°C the
ceramic composites with 3 wt.%graphite and 5wt.% graphite
decreases more compared to 1 wt.% in Fig. 4. Seemingly, for the
densification of ceramic composite containing 3 and 5wt.%
to be complete, there is need for higher sintering tempera-
ture or simply prolong holding time for complete densification
to form. Further extension in the graphite content from 6 to
7 wt.% could lead to breaking of graphite die as a result of tran-
sient thermal destruction within the spark plasma sintering
machine at higher temperature.

The relative density of the sintered composites is shown
in Fig. 5. Addition of graphite to TiN had a mixed influence
on the relative density attained by each composite. For 1 and
3wt.% graphite additions, the relative densities were 97% and
98% respectively. This could be as a result of graphite pres-
ence within the sintered compacts voids/pores. The relative
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density of the pure titanium nitride is 96.7% indicating the
effeciency of the spark plasma sintering technique on the
developed composites at 2000°C. Generally, it could be seen
that there is a slight increase in the relative density of the
sintered composite reinforced with 1 and 3wt.% graphite in
titanium nitride-based ceramic composites compared to tita-
nium nitride without reinforcement.

Fig. 6 presents the microhardness values obtained for sin-
tered TiN composites without and with graphite additions.
Generally, the hardness values increase as the graphite con-
tent increase up to 3wt.% graphite addition. The hardness
values of pure TiN with 1-3 wt.% graphite at sintering temper-
ature of 2000°C are 21, 22 and 23.5 GPa at relative density of
96.5%, 97% and 98% respectively. However, for 5 wt.% graphite,
it is clearly seen that the microhardness value significantly
drop to 19 GPa. It could be stated that increasing the graphite
contents above 3wt.% in TiN could decrease the hardness of
the composite. This could be attributed to the low hardness
nature of graphite which is present as agglomerates or along
the grain boundaries of TiN matrix.

3.4. SEM and phase analysis of the sintered
composites

Fig. 7 shows the SEM images and corresponding XRD of the
sintered composites without and with graphite additions.

From the micrographs, the grey areas represent TiN while
the dark areas could be presented as the graphite respec-
tively. Graphite dominated the entire region as dark phase in
the micrographs which symbolized the secondary phase in
the developed composite and observed to be uniformly dis-
tributed along the grain boundary with a more progressively
homogenous microstructure. It could be observed from Fig. 7c,
e and gthat an increase in percentage composition of graphite
after milling for 8 h and sintering at 2000 °C reduced the den-
sification of the developed composites significantly which is
confirmed in Fig. 5. It could be seen that very small amount
of graphite phase is present within the TiN matrix forming
an interfacial reaction. Most of the graphite are found within
the grain boundaries and thereby restraining the widespread
grain growth in the microstructures.

At sintered temperature of 2000°C, the grain shape
was round or granular with little or/no observed pores,
demonstrating adequate densification. At the same sintering
temperature of 2000°C, as shown in Fig. 7, TiN grains was
partially expanded by grain growth, while few grains were flat-
tened and circular in shape and the grain size turned out to
be considerably higher than that of the starting powder due
to milling time of the powders. Grain growth with a polygonal
shape can be seen as the graphite contents increases. A large
pulse current flow in SPS process could have potential field
impacts at particles contacts, i.e., high local temperature slope
by Wan et al. [1] and Chicardi et al. [38] and upgrade of mass
transport [54] which would bring about a fast consolidation.
The complex texture containing little TiN grains might be due
to earlier phase of eutectic nature of TiN-graphite composite
where the structure begins to shape core and rim phase. A sim-
ilar texture was observed in eutectic matrix in the composite
sintered by SPS [37].

XRD patterns in Fig. 2b, d, and f show complete formation
of TiCN phase in the TiN-graphite composites. The diffraction
angles of each peak remain at their respective 26 degree posi-
tions before sintering as shown in Fig. 2. There is a sharp peak
in the diffraction angle 26 in Fig. 7f for each spectrum com-
pared to Fig. 7b and d. This was reported in previous research
study on the microstructural and phase evolution of spark
plasma sintered graphitized Ti Cp g No 1 [55]. The highest peak
intensities were obtained in Fig. 7f, all in accordance with
(100), (110), (100) and (200) planes. The structural arrangement
depends mainly on the relationship between carbon/nitrogen.

On the other hand, it could be seen that most of the diffrac-
tions peaks are mainly TiCN with no significant graphite peak.
The carbon atoms within the matrix act as a source of interfer-
ence as diffraction occurs in plane (110). Therefore, increase
in the graphite content automatically leads to a slight reduc-
tion in the peak intensity of plane (110). In addition, the planes
corresponding to the index (111) has the highest peak in Fig. 7f.

3.5.  TEM/EDS mapping of the milled powder

Fig. 8a shows the HAADF/TEM image of the composite with
3 wt.% graphite in titanium nitride which is obviously the com-
posite with the highest sintered density. The dark region of
the micrograph is rich in graphite while the region with bright
appearance is the TiN phase. The image in Fig. 8b presents a
clear HRTEM (high resolution TEM) image of the spot coloured
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[111]fcc

Fig. 8 - (a) HAADF/EDS mapping of 3 wt.% graphite powder and (b) HRTEM/FFT of the powder.

in yellow square with the corresponding fast fourier trans-
formed (FFT) patterns. From the image, it can be observed
that there is only single pattern of diffraction without any
other discontinous spot as indicated in the FFT inserts in the
HRTEM image in Fig. 8b. The indexing of the lattice planes was
done using the distance from the origin known as the inter-
plannar distance in the HRTEM. The interplannar distance
obtained from the X-ray difrractometer results of this study
show some consistency in the interface between the dark and
brightregion. According to Laoui et al. [56], Rafajaetal. [57] and
Cutard et al. [58], they discovered some misfit in the disloca-
tion of the two distinct interfaces in TiCN. The inserts in Fig. 8b
shows some orientation at the interface and very close to the
edge of titanium carbonitride particles. The crystal orientation
of the TiCN has a direction close to [220], [022], [224] and [20—-2]
planes. Due to the same direction of crystal, itis believed that a
perfect coherent interface are developed between the graphite
and titanium carbonitride particle boundaries. The sodium
chloride type of titanium carbonitride is formed at the top sur-
face layer because of the increase in the packing density [59].
Hence, it can be concluded that the high energy ball milling
process has played a significant role in the development of the
TiCN. Similar trend was noticed in the reseach study of Xiong

—
=]

w
1

Fracture toughness (MPa.M12)

1 3
Graphite content (wt.%)
Fig. 9 - Fracture toughness against percentage weight of

graphite in TiN (the error bar is the standard error based on
five repeated experiment for each data points).

and Park et al. on the titanium carbonitride/Nickel interface
with some orientation of planes [60]. The EDS mappingin Fig. 4
shows the uniform distribution of graphite in the titanium
nitride matrix because of the process used during the milling
stage of the powder. These elemental distribution could help
in increasing the thermal conductivity of the composites.
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3.6.  Fracture toughness of the sintered composites

Fig. 9 shows the effect of graphite contents on the fracture
toughness of the developed composites. The results shows
that 1 and 3wt.% has remarkably improved the fracture
toughness of the composites but further increase of 5wt.%
graphite in the TiN matrix increase the fracture toughness to
8.5MPamY?2, which indirectly weaken the mechanical proper-
ties of the composite. The fracture toughness of 6.5 MPam'/2
for 3wt.% graphite in the sintered composite was better com-
pared to pure TiN, 1 and 5wt.% of graphite composites as
shown in Fig. 9.

4, Conclusion

In this study, titanium nitride-graphite composites was fab-
ricated by spark plasma sintering (SPS) at 2000°C. The pure
TiN and 1wt.% graphite TiN composites displayed relative
densities of 96.7% and 97% respectively. A completely densed
TiN-3wt.% graphite composites of 98% were achieved at
the same sintering temperature of 2000°C. The TiN-1wt.%
graphite composite displayed the highest densificattion rate
amid the milled samples. The TiN-3wt.% graphite compos-
ite sintered at 2000 °C have the highest hardness with fracture
toughness of 23.5 GPa and 6.5 MPa mY/2 respectively. The spark
plasma sintering at sintering temperature of 2000°C can be
used to sintere a completely densified TiN-graphite compos-
ites, and results in the highest mechanical properties if the
weight percent of graphite is carefully controlled.
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