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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini In this study, based on different element configurations within constant atomic ratio of elements,

(Ti0.93Wo.07M0g.07)C-20%Ni and (Tip.93Wo.07M00.07)CNo.3-20%Ni derived cermets have been synthesized. The

Keywords: basis for the difference in the production route was whether the carbides were formed by carbothermic reaction

C?rmet from the metal oxide together or separately, or in the case of MozC, the carbide is added to the mixture together

lgltrggen " with the binder after reduction and just before consolidation. Another basis for the difference was whether the
onfiguration . P . . . . .

Har dfess cermet was a carbide or a carbonitride. To investigate the influence of the different production routes, the crystal

Toughness structure, microstructure, and mechanical properties of the cermets produced were examined using XRD, FESEM,

STEM, and Vickers indentation. The XRD spectra of all the cermets were found to be very similar to those of TiC-
based cermets, indicating that the additive carbides in the TiC or Ti(CN) phases of the cermets dissolve perfectly
during the high vacuum sintering process at 1510 °C. The highest toughness (14.65 MPa m'/2) was obtained in
(Tip.93Wo.07) C-8%Mo0,C-20Ni cermets with a core-rim structure. In addition, the use of nitrogen leads to a
dramatic reduction in particle size. The use of molybdenum and tungsten in the form of separate carbides had
little effect on limiting the expansion of crystal size and grain size compared to the scenario where the dissolution
of these elements took place within the primary core-rim structure. However, in terms of hardness and toughness,
it was found that, in addition to grain size, the route taken in the addition of molybdenum and tungsten was also
important.

1. Introduction due to their resistance to erosion and corrosion. Remarkably, this type of

resistance results in more durable performance of cermet specimens and

In recent years, the study of composite materials has become very
attractive to engineers and scientists due to their wide range of appli-
cations [1-4]. Nowadays, different types of composites are favored by
researchers, among which cermets have a special place due to their
excellent mechanical properties [5-11]. The reinforcement of these
composites usually consists of a mixture of compounds of some
non-metallic elements such as carbon and nitrogen with metals such as
titanium, tungsten, molybdenum, tantalum, and niobium. The literature
review shows that TiC-based cermets are promising compounds not only
because of their high hardness and thermal shock resistance, but also
because of their exceptional chemical stability [12-14]. Moreover, Ti
(CN) reinforced cermets are known as one of the most important cermets
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the lack of need for their repair. The exceptional properties of Ti(CN)
make it a strategic material used in the electronic and automotive in-
dustries, composites, refractories, and also cutting tools [15]. In other
words, the cermets can be easily tailored to meet the requirements of
different industrial applications. Moreover, many parameters such as a
strong binder-reinforcement interface, are required to satisfy several
criteria for the use of cermets in many advanced applications [16].
Ni/Co metals and their alloys have been used as binder to retain the hard
phases, and thus to produce hard materials [17,18]. However, it should
be noted that although conventional cermets (such as WC-Co) are hard
and tough, they suffer from poor oxidation resistance and insufficient
plastic deformation at high temperatures, which limits their use at such
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temperatures. Consequently, Ti (CN)-Ni based cermets are preferred to
WC-Co cermets for milling and rough machining of steel and hard ma-
terials for the following two reasons. Firstly, the surface finish, dimen-
sional accuracy of the parts, and resistance to chipping are better in the
former than in the latter. Secondly, the mechanical-physical properties,
such as the hardness of Ti (CN) cermets are higher than those of WC
cermets. The literature review shows that the use of additive and ternary
carbides has significant effects on the microstructure and mechanical
properties of the cermets [19-23]. Previous research has shown that the
addition of additive carbides can lead to the formation of a typical
core-rim structure [24-26]. Compounds such as TaC, NbC, and Mo,C
have been used as additive carbides in industrial grade cermets since it
was found that the additive carbides and the core-rim structures sur-
prisingly improved their fracture toughness. Interestingly, Mo,C is of
great importance for the final properties of cermets, as the presence of
this compound refines the microstructure and significantly improves
their mechanical properties [19]. Furthermore, the synthesis of different
cermets with the same amount of elements results in very different
microstructures and mechanical properties depending on the affinity of
different elements. For example, titanium-tantalum carbonitride, with
or without Mo,C, has been extensively studied. The results in these
cermets indicated that varying the atomic ratios and using different
production routes, particularly in terms of processing conditions, sin-
tering time, and sintering additives, can result in different microstruc-
tures and mechanical properties [27-30]. Also, for a given composition,
different production methods can be developed using carbothermic
processes, each with different operating efficiencies. In addition,
different ways of incorporating additive carbide alongside titanium
carbide have also led to variations in the processes. Numerous papers
have been published investigating the incorporation of molybdenum
carbide and even tungsten carbide as additive carbides [31-33]. At the
same time, the in-situ formation of these carbides by reduction of their
oxides has been investigated. The question of whether these different
approaches result in different microstructural and mechanical proper-
ties is therefore a crucial issue. Unfortunately, to the best of our
knowledge, there are no comprehensive studies on the production and
characterization of the different configurations of these cermets.

Motivated by this contextual backdrop, in this paper, (Tip.93Wo.07)
C-Ni and (Tig.93Wo.07) (Co.7No.3)-Ni cermets have been synthesized with
the reinforcement of Mo,C additive carbides. Furthermore, based on
(Tio.93WQ,07M00,07)C7200/0Ni and (Tio.93Wo,07M0().()7)CN0.3—20%N1 cer-
mets, different configurations achieved by the constant atomic ratio of
elements have been considered. The crystal structure, microstructure,
and mechanical properties of the prepared cermets were characterized
using XRD, SEM, FIB, STEM, and Vickers hardness tester.

2. Experimental
2.1. Cermets manufacturing

In this article, 8 different cermets were produced according to the
composition in Table 1. The production route of the Cx cermets (x = 1-4)

is shown in Fig. 1. The process started with the mixing of different
powders, their carbothermic reduction, followed by the addition of

Table 1
List of the produced cermets and corresponding designation.

Cermet designation Cermet Compound

C1 (Tig.03Wo.07)C-8%Mo0,C-20Ni

Co (Tio.86Wo.07M00,07)C-20%Ni

C3 TiC-14.23%WC-8%Mo0,C-20%Ni

Cy TiC-22.4 %(Wy 48M0g 52)C-20%Ni

N (Tio.03Wo.07)Co.7No 5-8%Mo05C-20%Ni

CN2 (Tio.86W0.07M00.07)Co.7No.3-20%Ni

CN, Ti(Co.sNo.5)-14.11%WC-8%Mo0,C—20%Ni

CN4 Ti(Co.7No.3)-22.4(Wo.48M00.52)Co.7No.3-20%Ni
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MooC as an additive carbide and Ni as a binder or only Ni, depending on
the starting powders, followed by ball milling processing and finally cold
pressing and sintering.

The raw materials in samples C; to C4 have been weighed in such a
way that the combination of charge materials results in the same atomic
ratio of Ti, W, Mo, and C elements in carbide solid solution of the cer-
mets produced by different routes. This similarity in atomic ratio makes
the cermets comparable, and the difference in properties can be attrib-
uted to the different production route and the way the raw materials are
mixed. The atomic ratio values of the four main atoms in cermets C; to
Cy4, apart from Ni which is a binder and is calculated separately, are
86Ti:7W:7Mo/100C (%at) and are considered the same in all four
samples, despite the different production routes. For example, in sample
Cy, the charge materials have been calculated so that the carbide ob-
tained from the simultaneous carbothermic reduction of TiO, and WO3
together with graphite, with the addition of a certain amount of Mo,C,
has the atomic ratio mentioned above. Or, in the case of sample Co, these
calculations have been carried out for the three oxides TiO,, WO3 and
MoOs and graphite in such a way that if they were all placed together in
a carbothermic reduction chamber, the same atomic ratio of 86:7:7/100
between their elements would still be obtained. However, in sample Cs,
as shown in Fig. 1, TiO2 and WO3 oxides were reduced by carbothermic
reaction in separate chambers and mixed with a certain amount of Mo,C
so that the atomic ratio remained the same. Finally, in sample C4, one
chamber was dedicated to the carbothermic reduction of TiO5 and one to
the simultaneous reduction of WO3 and MoOs, but the raw material
calculations were still such that the same atomic ratio was also produced
in the sample Cg. In fact, there is a one-to-one ratio of carbon to titanium
in TiC. With the addition of the elements W and Mo, the combined sum
of Ti, W and Mo still forms a one-to-one ratio with the carbon atoms.
Therefore, there is no need for a subscript for the carbon atom in the
designation of the cermet. Conversely, for carbonitrides, where the sum
of nitrogen and carbon is expected to be equal to one carbon atom,
subscripts are added to the designation of carbonitride cermets to
indicate this relationship in the compounds.

The production route of the CNx cermets (x = 1-4) was the same as
the Cx cermets, except that the carbothermic reduction step was carried
out in a nitrogen atmosphere instead of under vacuum, allowing N to be
incorporated into the material. In the case of samples CN; to CNy, the
target atomic ratio, which was the same for all samples and on which the
raw material weight calculations were based, was 86Ti:7W:7Mo/
70C:30 N (%at). The relationship between the amount of nitrogen
absorbed and the pressure in the reduction chamber has been estab-
lished in previous research, some of which has been published. There-
fore, as in the description of samples C; to C4, in samples CN; to CN4 the
weight of the raw materials for different production routes has been
calculated in such a way that the atomic ratio of 5 elements is the same.

As described above, the starting powders were TiO3, WO3, M0Os, Ni,
Mo»C and graphite. These powders were purchased from Sigma Aldrich
at the highest purity. Accordingly, the first step in the preparation of all
the samples was to mix the starting powders and then grind them using a
high energy ball mill at a speed of 250 rpm for a period of 20 h (Pul-
verisette 7, Fritsch, Germany). The mixtures were mixed with tungsten
carbide balls at a weight ratio of 1:40 powder to ball. In addition, a
container of tungsten carbide was used for all milling operations. For the
simple carbothermic reduction of the C; to C4 samples, the vacuum level
reached was 0.133 Pa. In the case of the CN; to CN4 samples, N, gas was
added to the furnace atmosphere for the synthesis. In this work, the high
vacuum used was achieved by means of mechanical and diffusion vac-
uum pumps. This process was carried out for 1 h at 1500 °C in a precisely
controlled furnace. The appropriate additives, including Mo,C additive
carbides and Ni binder, were then added to the reduced powders. The
slurry mixture was subjected to steel ball milling in acetone medium for
24 h, followed by oven drying for 48 h. Disc shaped samples of 1 cm
diameter were prepared at a pressure of 125 MPa, followed by sintering
in a graphite furnace at 1510 °C in ultra-high vacuum at 0.133 Pa for 75
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Fig. 1. The different production routes for the samples shown in Table 1, where the production route of cermet C; is shown in green, cermet C, in blue, cermet C3 in
light brown and cermet Cy4 in orange. The production route of cermets CN; to CNy is like that of cermets C; to C4, with the difference that the carbothermic reduction
step is carried out in a nitrogen atmosphere instead of under vacuum. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

min. The literature review shows that at these high temperatures the
binder evaporates and the (Tij.x, Mox)y C, grains suffer oxidation.
Therefore, achieving a high vacuum plays an important role in avoiding
oxidation [34].

2.2. Characterization

The crystallography of the synthesized cermets was characterized
using an X-ray diffractometer (M18XHF-SRA, MacScience, Japan) with
monochromatic Cu-Ka radiation (A = 0.154 nm). The microstructure
and chemical composition of the cermets were characterized by scan-
ning electron microscopy (SEM, model JSM-5600, JEOL, Tokyo, Japan).
A Hitachi SMI3050SE focused ion beam (FIB) instrument was used to
prepare the sample for scanning transmission electron microscopy
(STEM) examination. STEM micrographs of the prepared FIB specimens
were taken on a JEOL, JEM-2100F instrument while transmission elec-
tron microscope (TEM) images were taken on a JEOL JEM-2100 mi-
croscope. The hardness of the cermets was measured by the Vickers
indentation method using an indenter load of 30 kg (Instron Wilson
Hardness, Tukon T 2100B, US) while the fracture toughness was
calculated using the expression derived by Shetty et al. [35].

Herein, optical microscope assessments were fulfilled under ambient
conditions instantly after indentation to prevent any crack growth. A
series of 4 indentations were made for each sample and the average
values were reported.

3. Results and discussion
3.1. XRD analysis

Fig. 2 shows the X-ray diffraction (XRD) patterns for the different
configurations of carbides and carbonitrides-based cermets. Fig. 2 (a)
shows that the produced cermets contain crystallized phases of Ti-based
solution carbides which were very close to the titanium carbide (TiC)
peaks with a slight shift (ICDD No. 042-1489) and Ni binder (ICDD 96-
901-3027) within the produced cermets. Accordingly, the main
diffraction peaks observed in the XRD diffraction pattern are the (111),

(200), (220), (311), and (222), which belong to the cubic crystal
structure of TiC with a lattice parameter of 4.3186 A, while the strongest
peak at 20 = 42.06 is attributed to the (200) planes. In good agreement
with previous research, no tungsten carbide phase was found in the XRD
patterns. Investigations have shown that the presence of the tungsten
carbide peak on the curve is only observed when they content exceeds a
certain threshold (~4 wt%). The formation of carbide or carbonitride
solid solutions by sintering has also been reported in previous articles
[36]. Furthermore, there are no diffraction peaks associated with oxides,
which agrees well with the very low percentages of oxygen element,
measured in SEM-EDS analysis. Rong et al. [37] have shown that the use
of pure powder and vacuum during carbo-thermic reduction leads to
minimal oxygen production in the final cermet and consequently to the
production of cermets with crystalline Ni and TiC based phases. It is
observed that the different configurations of the carbides resulted in
slight peak shifts without the formation of new phases. For the C;
cermet, the crystalline domain size of 62.3 nm was estimated using the
Scherrer equation, D = 0.9)/pcos0. Where D is the average grain size,
and A is the X-ray wavelength (0.154 nm). In addition, 6 and § are the
diffraction angle and full width at half maximum (FWHM) of an
observed peak, respectively. The XRD spectra of CNx related cermets are
like those of TiC-based cermets with a slight shift of the diffraction peaks
to higher diffraction angles (compare position of the peaks in Fig. 2a and
b). From a structural point of view, the main phases formed in these
cermets are similar, which is a remarkable finding and suggests that the
dissolution process during cermet manufacturing produces an almost
identical solid solution in the structure. Therefore, the phase structural
conditions of the cermets were not different from those in the absence of
nitrogen.

Despite the different approach to the addition of tungsten and mo-
lybdenum carbide and the associated variations, no notable effects on
the primary structure have been achieved. The main difference observed
in the XRD diffraction peaks, of the carbide and carbonitride com-
pounds, is again the shift of the diffraction peaks to higher angles.

This phenomenon can be well described by the atomic radius of Ti
(0.75 f\), W (0.74 [o\), and Mo (0.79 f\). Referring to the smaller ionic
radius of W than that of Ti, the distance (d) of (200) planes in
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Fig. 2. XRD patterns of (a) C;—C4 and (b) CN;-CN,4 cermets. The crystal planes shown next to the peaks refer to Ti-based solution carbide based on the TiC reference

pattern with a slight shift (ICDD No. 042-1489).

(Tip.93Wo.07) C-based cermets will be smaller than that of TiC based
cermets. In addition, since the ionic radius of Mo is larger than that of Ti,
the amounts of (200) distances in (Tip.g8665W0.0653M00.0682) C—20%Ni
cermets will be larger than those of (Tigp 93Wy 07)C-8%Mo2C-20Ni cer-
mets. Similarly, this issue is consistent for the carbonitrides based cer-
mets (CN1-CNy). The outcome demonstrates that the disparity in the
configuration of the carbides in an almost equivalent overall composi-
tion merely results in dissimilarities in the dissolution rate of elements in
the solid solution phase, but not to the formation of new phases.
According to the Scherrer equation, smaller FWHM (see Table 3)

indicate coarser particles. The average FWHM for C and CN related
cermets are 0.1377 and 0.1525, respectively. The larger FWHM of CN
materials is in good agreement with the high thermodynamic stability of
CN compounds and the inhibited grain growth of the grains [38]. The
distinctions within the FWHM values are not too significant to confirm
the effect of controlling growth by varying the conditions of the car-
bides. For this reason, further investigation using the Rietveld method
and microstructural examination is required. However, the average
interplanar distance of (200) planes for the C and CN compounds are
2.1437 and 2.1358 f\, respectively (Table 3). The smaller lattice of
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Table 2
XRD data of the synthesized cermets.

Cermet  Peak Pos. (20) FWHM (20) Height d(A)  Crystallite size (A)
G 42,61 0.19 44.23 2119 623

Cy 42.03 0.12 72365 215 1467

Cs 41.95 0.12 45331 215 1467

Cq 41.95 0.12 770.11 215 1464

cNy 42.69 0.09 211.65 212 2245

CN, 42,12 0.16 409.77 214 878

CNj 42.16 0.14 409.17 214 1092

CN,4 42.15 0.22 379.64  2.14 546

Table 3

Average amounts of FWHM, d-spacing, and crystalline domain sizes of C and CN
based cermets.

Cermets FWHM d-spacing A Crystalline domain size A
C 0.14 2.1437 1255.25
CN 0.15 2.1358 1190.25

CN-based cermets is a result of slower crystal growth during the sin-
tering process at 1510 °C. This scenario is consistent with the larger
average crystalline domain size of the C-based cermets which was re-
ported by Rafiaei et al. [19] who investigated the effect of nitrogen on
the grain size growth and found that the use of nitrogen resulted in
higher grain stability.

The Rietveld calculation of different configurations of cermets was
carried out using MAUD software (see Fig. 3). Obviously, it is easy to see
that the diffraction patterns of the produced cermets agree well with the
Crystallographic Information Framework (CIF) of TiC carbide and also
Ni binder (CIF No. 1011320 & 2100661). Given that the sig parameters
of the Rietveld refinements of C;, CN;, Co, and CN5 cermets are 0.8, 1.81,
1.16, and 1.87, respectively, one can expect that since they are less than
2, the goodness of fit (GOF) has been acceptable.

The calculated crystalline domain sizes of C;, CNj, Cy, and CNy
cermets are 623, 2245, 1467, and 878 ;\, respectively. The crystalline
domain sizes of carbide-based cermets are higher than those of the
carbonitride cermets. Although the results obtained for crystalline
domain size changes as described agree with the lattice strain results
calculated by Rietveld, the calculation of crystalline domain size using
this method may have a negligible error.

The calculated microstrains of C1, CN;, Cy, and CNy cermets are
0.00058, 0.00083, 0.0005, and 0.00095, respectively. It is noteworthy
that the microstrains of CN; and CNj cermets are significantly higher
than those of C; and C,. In fact, the addition of nitrogen leads to the
suppression of crystal growth and the remaining microstrain will be
higher, which is like the results reported by Yu et al. [39]. In other
words, through the explained carbothermic processes, the increase in
crystalline domain size leads to the release of microstrain.

Furthermore, the XRD spectra of all the cermets are very similar to
those of TiC-based cermets. This means that the dissolution of W and Mo
elements in TiC carbide cannot significantly produce any additional
peak in the XRD spectra [40]. Since no peaks related to the additive
carbides are detected, it is logical to assume that the additive carbides
are completely dissolved in the TiC/Ti(CN) solid solution formed in the
microstructure of the cermets during the sintering process at 1510°C.
Since the strongest diffraction peaks of Mo,C (ICDD No. 00-001-1188)
and WC (ICDD No. 00-002-1055) occur at 20 of 35.89/39.49 and
48.65 respectively, it can be assumed that the declared diffraction peaks
of TiC do not show any overlap with those of other present carbides.

3.2. Microstructure analysis

To understand the carbide coalescence phenomenon, different cer-
mets of the same composition were synthesized. The study of the
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carbothermic reduction of TiO5, WO3 and MoOs oxides and their con-
version to carbide, which requires the study of thermal behavior with
DSC-TG and reduction reactions, has been published in previous articles
[41-43]. The microstructure of the C-based cermets is shown in Fig. 4.
Firstly, it is easy to see that carbide cermets microstructures without
nitrogen mainly have a core/rim type morphology. Notably, the litera-
ture review indicates that core/rim structures tend to provide good
mechanical properties [44]. While some studies have reported the
segregation of metal elements in the rim and observed an inverse
contrast [45], and in some cases the removal of the core/rim structure
from the cermet microstructure has been documented [46], the results of
our research show the formation of the typical core/rim structure. This
structure is consistent with observations reported in other articles on
this type of cermet. The core-rim structure in carbide cermets is typically
formed during the sintering process. It occurs because certain elements
within the material diffuse preferentially towards the edges. During
sintering, particles in the material start to stick together and as the
temperature rises, atoms from different elements move around. This
movement isn’t uniform; certain atoms tend to move towards the edges
of the particles, resulting in a concentration of certain elements at the
edges. This concentration forms the rim around each particle, resulting
in the characteristic core-rim structure observed in carbide cermets
[19]. In addition, the formation of inner and outer rims in the micro-
structure of the cermets was not detected. Inner and outer rim in carbide
cermets refer to regions of different microstructural characteristics near
the core, typically characterized by differences in composition [47].
Secondly, although the dimensions of the primary particles after the
carbothermic process were in the nanoscale range, the size of the cores
in all samples is larger than the nanoscale. This is due to the high tem-
perature sintering used which caused the increase in features. The EDX
spectra show that the core (A) and rim (B) regions contain Ti/W/C and
Ti/W/Mo/C elements respectively. It is interesting to note that the
percentage of Ti element in A is higher than that of in B. Taking this into
account we can conclude that the Mo element replaces Ti sites in the rim
structure, causing the complete dissolution of Mo in the lattice. It can
also be seen that samples C; and Cy have a smaller core size than samples
C3 and C4. This can be explained by the fact that in the production route
of samples C; and Cy, TiO2 and WO3 were ground in a single grinding
chamber prior to carbothermic reduction, whereas in samples C3 and Cq,
these two oxides were ground separately (Fig. 1). Therefore, this dif-
ference can be interpreted by considering that a finer particle size can be
obtained by grinding a mixture of two oxide brittle materials together
under brittle-brittle conditions.

Fig. 4a and b shows that the microstructure of the Cy cermet is
relatively smaller than that of the C; cermet. This can be explained by
the suppression of the dissolution of Mo in the structure during sintering.
In fact, a comparison of Fig. 4a and b indicates that the core size of the
(Tip.93Wo.07) C-based cermets is extremely larger than that of
(Tig.g86Wo.07M0g.07) C cermet. (Tig.g6Wo.07M0go7) C based cermets
experience less coalescence and are thermodynamically more stable. On
the contrary, the energy state of (Tip.93Wq.g7) C based cermets tends to
be reduced by significant particle growth. It seems that the presence of
molybdenum soluble element in the composition of ternary carbide in-
side the core reduces the diffusion ability of atoms and with the
reduction in diffusion rate, the growth of the core occurred less in Cy
sample than in C; sample. Furthermore, the cermets containing separate
TiC, WC, and Mo,C carbides have a larger core size after the sintering
procedure at high temperatures (see Fig. 4c). Finally, it was found that
the microstructures of C3 and Cy4 are very similar, which explains that the
cermets containing the combination of TiC, WC and Mo,C carbides have
an analogous coalescence behavior to the cermets containing
(Wp4gMog52) C carbides. In other words, it can be interestingly
concluded that the formation of (W 4gMo0g 52) C complex carbide does
not change the energy state and thermodynamic stability of the cermets
including TiC, WC and Mo.C carbides (see Fig. 4c and d).

Since the microstructure of carbonitride based cermets is

23268



S.M. Rdfiaei et al.

Ceramics International 50 (2024) 23264-23274

(@)

Intensity'’” [Count'?]

1011320

L

L T e T A S T O

ey I
MT‘MWMHMN
60.0 800

2-Theta [degrees]

Inﬁensity“z [Cnlmtl'a]

2100661
1011320

400

A A b Mo S ‘{‘WM‘MMW%WWWNMWWMMM I} tpms ot phlnnsirtsdopy IMM Wu

60.0

2-Theta [deerees]

. (c)

o
=)

50

Inlensilyv" [T ount'? ]

Lawmaiesty U

2100661
1011320

N e e P e L T 2

80.0

. (d)

10.0

Intensity'” [Count'?]

2100661 I
1011320

WMWWMWWWWWWW l WWHWMIWWMWWMMMWMMMMWVWW

e T g

400

60.0 800

2-Theta [degrees]

Fig. 3. Rietveld analysis of XRD data of (a) C;, (b) CNy, (c) Co, and (d) CN; cermets.

significantly smaller than that of the carbide based cermets, STEM mi-
croscopy was used to monitor the size of the carbonitride based cermets.
Fig. 5 shows the results of the STEM characterization of the CN;—CN4
cermets produced. It can be concluded that the microstructure of the
CN; cermet is much larger than that of CN, (see Fig. 5a and b). This
finding is consistent with the FWHM changes in the XRD pattern. In
Table 2, the marked variation within the FWHM value in samples CN;
and CNj suggests that the dissolution of molybdenum within the pri-
mary solid solution or its presence as a separate carbide positively in-
fluences the control of the growth processes. In other words, although
carbide solid solution was observed in the final structure of all samples

in XRD, and the reason was that in all samples sintering causes disso-
lution of carbide elements in the core, the differences in the way raw
materials are added in samples CNjand CNj (see Fig. 1) caused differ-
ences in growth. The results show that when molybdenum is formed as a
carbide in situ during the carbothermic process together with tungsten
and titanium carbide (see Cy production route in Fig. 1), it is more
effective than when it is added to the mixture as a separate carbide (see
C; production route in Fig. 1). These images show that, in terms of core
size, the carbides of CNy sample grew less than those of CN;. Further-
more, from Fig. 5 c-d, it is easy to see that the microstructure sizes of the
CN3 and CNy4 samples are very similar. The comparison of Figs. 4 and 5
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Spectrum 1

PN
Binder

Core

Fig. 4. FESEM images of (a) C; with EDS results of two points marked in the figure, (b) Cy, (c) C3 and (d) C4. Three parts of the microstructure including core (black
regions), rim (grey regions), and binder (white regions) are identified in each image. The designations C; to C4 are given in Fig. 1 and Table 1.

Fig. 5. STEM images of (a) CNy, (b) CNa, (c) CN3 and (d) CN4 showing that sample CN; has the smallest core size among the carbonitride-based cermets. The
designations CN; to CN4 are given in Fig. 1 and Table 1.
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also suggests that the average core sizes of CN;-CNy4 are significantly
smaller than those of the C;—C4 cermets. This issue is attributed to the
fact that the presence of nitrogen leads to a decrease in the TiC coales-
cence tendency. The literature shows that the increase of nitrogen leads
to higher stability and then slower growth of Ti(C;.xNy) than TiC com-
pounds in the melt environment during sintering [19]. Interestingly the
sizes of the carbide and carbonitride-based cermets are found to be in
reasonable agreement with the calculated crystalline domain sizes of the
cermets.

Fig. 6 shows the TEM images of cermet materials CN;, CN3, CN3, and
CN4. Within the STEM investigation, the ability to distinguish the
backscattered electrons has demonstrated the disparity in atomic
numbers in the core, rim, and binder domains of the microstructural
components in the cermets, but the grain size is still not clear. However,
with higher resolution TEM, the total grain size can be clearly deter-
mined. Again, we see that samples CN; and CN; have smaller particle
sizes compared to CN3 and CNy4. In addition, the grain size in CNy is
smaller than that observed in CN1. Both findings are consistent with the
microstructures obtained by STEM examination. From the first com-
parison it can be concluded that the separation of the carbothermic
reduction of the tungsten oxide from that of the titanium oxide, (see the
production routes of samples CN3 and CNy4), impairs the result of the fine
graining. The second comparison between CN; and CN» suggests that
Mo is more effective in controlling particle size when it is incorporated
into the structure by carbothermic reduction rather than when added as
an additional carbide. This idea was confirmed by examining the crystal
size, core size and grain size. Given the similarity of the phases in the
XRD pattern, the main dissimilarity between the two situations above is
the distribution of atoms within the final core-rim structure in cermet,
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which can produce phases with different hardness values. The influence
of this diversity in phase arrangement on the overall hardness and
toughness of the cermet is considered in the following section.
Furthermore, it can also be seen that there is no discontinuity between
the grains and the binder. Since the nickel metal has completely
enveloped the ceramic particles, it can be expected that the sintering of
cermet materials has been successful at very low pressure. The discon-
tinuity has been found to have the potential to cause material failure
under thermal or mechanical stress due to stress accumulation at these
interfaces [48,49].

3.3. Mechanical properties

Fig. 7 shows the mechanical properties of the cermets produced. It is
noteworthy that the hardnesses of all the synthesized cermets are very
high, in the range of 11.9-14.4 GPa, which makes them suitable for
many advanced applications. To evaluate the variation of the mechan-
ical properties, the introduced values of hardness and toughness were
also compared using column plots. It is easy to see that the average
hardness of the carbide-based cermets is 12.41 GPa, while that of the
carbonitride-based cermets is 13.79 GPa. The introduction of nitrogen
into the carbide cermets results in a significant increase in hardness. This
result agrees with the microstructures obtained, while it has been
observed that C;—C4 cermets have relatively larger grain sizes than
CN1—CNg.

Furthermore, the average toughness of the C;-C4 and CN;—CN4
cermets is 13.77 and 12.55 (MPa. m'/2), respectively, which is in good
agreement with our microstructural observations. As explained else-
where, the high toughness is due to the excellent bonding between the

Fig. 6. TEM images of (a) CNy, (b) CNj, (c) CN3 and (d) CN4 cermets showing that the CN2 sample has the smallest grain size among the carbonitride-based cermets.

The designations CN; to CN, are given in Fig. 1 and Table 1.
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Fig. 7. Hardness and toughness of C1-C4 and CN1-CN4 cermets.

ceramic particles and the metallic binders. Thus, the use of carbides
reinforced cermets is an effective way of producing more flexible com-
ponents with relatively lower hardness values is efficiently achieved.
When the hardness data in Table are compared with the results obtained
from the microscopic evaluation, although they are largely in agree-
ment, there are some inconsistencies. In other words, the mechanism of
increasing hardness with decreasing grain size does not fully explain the
results obtained in the hardness evaluation. This is because microscopic
analysis revealed that the grain size of CN; and CNj is smaller than that
of CN3 and CNy4. The reason for this is that the increase in hardness just
due to grain size reduction alone is not sufficient to demonstrate the

mechanical behavior of the variety of cermets produced during this
research. It has been previously reported in other research on ceramic
composites that the effect of different factors together on the hardness
value can break the expected trend. This is because, in addition to grain
size, other factors such as sintering temperature and pressure (which
were the same for all samples in this research), milling time, powder
morphology and final cermet microstructure affect the hardness values
[50]. It seems that the change in the production route has caused the
change in the latter two characteristics in the different samples of this
research and has affected the hardness.

It has also been found that the orientation of the grains in composites
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can be affected by changes in the production parameters, and this
different growth orientation of the grains can result in different hardness
and strength in the composite [51,52]. Meanwhile, it has been found in
previous research that the way of adding secondary carbide has a direct
role on the growth of the main carbide grains, so it seems that the
variation of hardness obtained is reasonable considering the variation of
the way of adding secondary carbides in this work. In addition, it has
been reported in the field of other composites that special distribution
characteristic of the second phase can be beneficial to the significant
improvement of mechanical properties [51,53]. From this point of view,
the different production routes for the addition of WC and Mo2C to the
TiC matrix in this work could also have affected the hardness, providing
a variety of hardnesses for the cermets in the different routes.

Another factor that appears to have a clear effect on the final hard-
ness of carbonitride-based cermets is the way in which the molybdenum
and tungsten elements are added in the production route. This different
scenario for the addition of Mo and W to the cermet composition results
in a different distribution of elements in the core-rim microstructure
and, as a result, the overall hardness of CN; and CN3 cermets is greater
than that of CN3 and CN4 cermets. It has been shown that the hardness of
cermets is directly influenced by the type and volume fraction of phases
contained in the microstructure [54-56]. In other words, the addition of
molybdenum in the form of addition carbide and tungsten by a separate
reduction route, rather than addition by simultaneous reduction,
although destructive in controlling grain growth, increases hardness,
although this simultaneous modification has reduced fracture toughness
within these samples. Another possibility is that in specimens with a
bulkier core, the hardness indentation lands exclusively in the core
rather than in the core and binder material, and therefore, a higher
average hardness is recorded in these specimens.

As the cermets usually suffer from low flexibility, the toughness
obtained must be considered as an important criterion. The highest
toughness of the carbide-based cermets belongs to C; with a core-rim
structure, which promises outstanding properties of (Tip.93Wo.07)
C-8%Mo02C-20Ni cermets. However, this is from the point of view of
mechanical properties, and the result may be different from examining
other properties of the cermet [57]. Similarly, among the carbo-nitride
cermets, CN4 has the highest toughness, which is well related to its
large core-rim morphology. Since each of the eight samples has the
minimum hardness required for a durable material in common appli-
cations, from a toughness point of view, these two samples can be
regarded as the optimum variants in this mixture for (Ti,W)C-based
cermets.

4. Conclusion

This study showed that the use of nitrogen leads to a dramatic
reduction in particle size. The results revealed that the use of molyb-
denum and tungsten in the form of separate carbides had little effect on
limiting the expansion of crystal size and grain size compared to the
scenario where the dissolution of these elements took place within the
primary core-rim structure. However, in terms of hardness and tough-
ness are concerned, it was found that, in addition to particle size, the
condition regarding the addition of molybdenum and tungsten was also
important. In the case of carbonitride cermets, the hardness is approx-
imately 1 GPa higher and the toughness is reduced by up to 3 MPa m'/2
when these elements are added as a separate phase carbide. It was found
that the average hardness of carbide-based cermets is 12.41 GPa,
whereas this value reaches 13.79 GPa, after nitrogen doping. In short, it
was concluded that among carbide and carbonitride cermets, C; and CN4
respectively have optimum mechanical properties.
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