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ARTICLE INFO ABSTRACT

Keywords: Multi-walled Carbon Nanotubes (MWCNTs) are added to NbC-12 vol% M2 high-speed steel to investigate the
NbC effect on microstructural and mechanical properties. Powder mixtures containing small amounts of MWCNTs (0,
Cemented carbide 0.1, 0.3 and 0.9 wt%) were prepared and shaped into pellets using cold compaction. The green samples were
M2 high-speed steel sintered under high vacuum condition for 1 h at 1360 °C. In order to study the microstructure and phase evo-
I:::dcizs lution of the sintered cemented carbide, field-emission scanning electron microscopy (FESEM) equipped with
energy-dispersive X-ray spectroscopy (EDS) and X-ray diffraction (XRD) analysis were used. Density was mea-
sured using Archimedes method and Vickers hardness was performed to characterize the mechanical properties
including hardness and fracture resistance. Results show that addition of MWCNTs from 0 to 0.3 wt% sig-
nificantly increases the hardness from 1101 = 18 to 1470 + 22 HV. However, higher MWCNTs content causes
reduction in hardness value down to 997 * 26 for 0.9 wt%. FESEM images and density measurement reveal
better densification of the cemented carbide by adding MWCNTSs up to 0.3 wt%. Further microstructural in-
vestigations on indented samples showed remarkable bridging mechanism activated by the presence of nano-
tubes in the sample containing 0.3 wt%. Despite the toughening effects of MWCNTSs, the fracture resistance
slightly improved and reached the maximum value of 3.55 = 0.08 MPa.m®® for NbC-M2-0.3 wt% MWCNTs.
According to XRD phase analysis, no compositional changes were detected in samples containing MWCNTs.

Fracture resistance

1. Introduction

Cemented carbides are a class of materials featuring high hardness,
relative good fracture resistance, and excellent wear properties that
make them well-suited for cutting tools and wear-resistant materials
[1]. In this family of materials, tungsten carbides cemented with cobalt
(WC-Co), due to their desirable properties, have been used extensively
on industrial scale [2]. However, during high-speed machining, the
high temperature (~ 1000 °C) at the component/cutting tool edge leads
to the partial transformation of WC to WO [1,3]. The WO3 starts to
sublimate at high temperatures which causes loss in the tribo-oxidative
wear [2,4]. Moreover, it is known that prolong contact with WC-Co
causes health problems among workers [5-7]. On the other hand, re-
cent studies show that niobium carbide (NbC) is a promising candidate
to replace WG, especially under dry sliding conditions [4,8]. Contrary
to WOs, studies on the formation of niobium oxide (Nb,Os) under
elevated working temperatures show that this is a non-toxic material
and thermodynamically stable phase [4]. It should be mentioned that
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NbC has a density of 7.87 g/cm®, which is about half the density of WC,
thus enabling less mass consumption in a fixed volume.

Investigations on the NbC-based cemented carbides are mainly fo-
cused on the final properties of the cemented carbide using different
metallic binders and sintering techniques [9-11]. A comprehensive
review regarding the microstructure of cemented carbides can be found
in the study by Garcia et al. [2]. Among various metallic binders, Fe-
based metals seem to be cost-effective and environmentally friendly
compared to the rivals [12-14]. In the research done by Hadian et al.
[12], it is mentioned that adding alloying elements could enhance the
wettability and bonding strength of NbC and Fe. They used 12 vol% of
M48 high-speed steel (HSS) as the binder and fully dense cemented
carbide bodies having a high hardness of about 15 GPa and low fracture
resistance of about 1.6 MPa.m®> were achieved by sintering at above
1300 °C. Comparing these values with the fracture resistance of NbC-Ni
cemented carbides reported by Huang et al. [15-17], it is clear that
further improvement in the fracture resistance is necessary for NbC-HSS
cemented carbides in order to consider them as potential cutting tool
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Fig. 1. SEM images of (a) NbC and (b) M2 high-speed steel as-received powders. (c) Bright-field TEM image, and (d) HRTEM image of original MWCNTs.

materials.

Among various materials, carbon nanotubes (CNTs), owing to their
unique mechanical properties, are promising reinforcements in ceramic
matrix composites (CMCs). Furthermore, CNTs exhibit thermal stability
when they are exposed to high temperature processing of cemented
carbides [18]. Addition of CNTs to CMCs has shown to improve phy-
sical and mechanical properties [18,19]. According to Xia et al. [19],
magnificent toughening mechanisms such as bridging, pull-out, and/or
crack branching are evident in CMCs containing CNTs. These me-
chanisms would reduce crack propagation and thus increase fracture
resistance. Regarding WC-Co cemented carbide, incorporating CNTs
into this matrix has already shown to attain significant improvement in
hardness and fracture resistance [20]. Thus, considering the low frac-
ture resistance of NbC-HSS cemented carbides, this study is aimed at
incorporating CNTs into the NbC-based cemented carbides in order to
obtain a better combination of hardness and fracture resistance. To the
best of authors' knowledge, this approach has not been taken in NbC-
based cemented carbides. Therefore, the effect of multi-walled carbon
nanotubes (MWCNTSs) on microstructure, hardness, and fracture re-
sistance of NbC-M2 HSS cemented carbide is investigated here.

2. Materials and methods
2.1. Specimen fabrication

Powder technique was used for the fabrication of NbC-M2 cemented
carbide based on the study by Hadian et al. [13]. First, commercially
available NbC powder (MaTecK GmbH, 99 + %, Germany) was ball
milled for 24 h in toluene with a ball to powder weight ratio (bpr) of 15
to break the agglomerates. Small amounts (i.e., 0, 0.1, 0.3, and 0.9 wt%
of the total mixing mass) of MWCNTs (95 + %, OD: 8-15 nm, length:
~50 um) were sonicated in toluene for 45 min. 12 vol% of M2 (5.5 W-
4.5 Mo-3.75 Cr-1.75 V-0.8C- balance Fe), (16 pm-Sandvik Osprey, UK,
90%) high-speed steel as the metallic binder and 3 wt% paraffin wax as
lubricant together with MWCNTs were added to the as-milled NbC
powder. MWCNTs contents were chosen according to the study on WC-
Co-MWCNTs [20]. In order to achieve well-dispersed mixtures, wet
mixing was carried out for 6 h at a bpr of 5 using WC-Co balls. The
mixed powders were dried using a rotary evaporator at 50 °C and
150 rpm. The dried mixtures were kept in an oven at 100 °C for 6 h to
evaporate the remaining solvents prior to sintering. Powders were then
shaped into small pellets with a diameter of 5.8 mm using a hydraulic
press under a pressure of 200 MPa. For dewaxing (to remove paraffin),
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samples were placed in a tube furnace and heated up to 300 °C for 12 h
under a continuous flow of Ar + 5 vol% H, gas. Sintering was carried
out under a high vacuum (~ 1.33 x 10~ * Pa) condition to prevent any
oxidation reactions. Samples were heated up to 1360 °C at a heating
rate of 400 °C/h, kept for 1 h, and then cooled down to room tem-
perature inside the furnace.

2.2. Characterization

X-ray powder diffraction was employed using XRD apparatus
(Ultima IV, Rigaku, Japan) with CuKa radiation to study the phase
evolution of the as-received powders and the sintered samples. Field-
emission scanning electron microscopy (FESEM) (JIB 4610F, JEOL,
Japan) equipped with an EDS detector (XFlash 5010, Bruker, USA) was
used to characterize the morphology and composition of the powders
and sintered samples. The average grain size of NbC after sintering was
measured based on the linear intercept method using an Image analyzer
software (Digimizer, Version 5.4.4., MedCalc Software Ltd). In order to
investigate the structure and morphology of MWCNTs, a small amount
of nanotubes was dispersed on a copper grid for transmission electron
microscopy (TEM) (LIBRA 200, Zeiss, Germany) study. The as-sintered
samples were mechanically polished using grinding papers and dia-
mond paste of 6 um and 1 pm to achieve mirror-like polished surfaces.
For density measurements, samples were immersed in water according
to the Archimedes method (ASTM C373). Vickers hardness measure-
ment was performed using 2 kgf at 10 s dwell time. For each sample, 5
indentation marks were taken to have more accurate results. Fracture
resistance was calculated using the formula introduced by Shetty et al.
[21] from the length of cracks induced by the indenter at the corners of
indentation marks.

3. Results and discussion
3.1. Powder characterization

The morphology of the as-received powders is shown in Fig. 1.
Based on the SEM image (Fig. 1(a)) NbC particles have irregular shapes
with an average grain size of about 2 pm. The as-received NbC powder
shows a high tendency for agglomeration which confirms the necessity
of the initial ball milling step to break these agglomerates. The M2 HSS
powder, however, has spherical shaped particles (Fig. 1(b)), which is
associated with the production method (gas atomization). TEM images
of the MWCNTs are presented in Fig. 1(c) and (d). The images elucidate
the multi-walled structure and the high aspect ratio. With reference to
Fig. 1(d), the wall spaces as well as the inner diameter were measured
to be around 0.34 and 7.0 nm, respectively, while the outer diameter
was different for different MWCNTs (depending on the number of
layers). Due to Van der Waals forces and electrostatic attraction be-
tween nanotubes, a high tendency of agglomeration is found in
MWCNTs [22,23]. Hence, an effective dispersion method is strongly
required prior to processing. Sonication for 45 min was used in this
study to disperse the MWCNTs effectively according to Lehman et al.
[23].

3.2. Microstructural investigation

The microstructure of the sintered NbC-M2 containing different
amounts of MWCNTs is shown in Fig. 2(a-d). All samples consist of two
major phases: the light grey phase, which is NbC, and the dark grey
phase, which is M2 HSS. There are some large porosities in the samples
containing 0, 0.1, and 0.9 wt% MWCNTs, which are marked in
Fig. 2(a), (b) and (d). Interestingly, an almost fully dense composite is
achieved for the sample containing 0.3 wt% MWCNTSs. The presence of
large porosities is a sign of relatively low densities of the NbC-M2 ce-
mented carbides. However, it is evident that by the addition of 0.3 wt%
MWCNTs, the densification is enhanced, and the porosities disappear
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(Fig. 2(c)). During liquid phase sintering (LPS), especially under va-
cuum condition, carbon loss is usually observed [24], while an appro-
priate amount of carbon is essential for a good wettability and densi-
fication of the cemented carbides [1,3]. Adequate amount of carbon is
required to reduce the residual surface oxides from the starting pow-
ders. Reduction of these oxides increases the surface energy between
the carbide particles and metallic liquid phase resulting in improved
wettability and higher consolidation. Therefore, it seems that the pre-
sence of carbon loss under high vacuum atmosphere hindered the full
densification, despite the expected high densification of the NbC-M2
sintered at 1360 °C [13]. It should be pointed out that addition of
MWCNTs as a carbon source compensated the carbon loss, thus im-
proved the wettability and densification of the cemented carbides. As a
result, it led to reduced porosities in the final microstructure. The high
relative density (R.D.) (Table 1) for the sample containing 0.3 wt%
MWCNTs compared to other samples confirms better densification of
NbC-M2 HSS by adding MWCNTs. Enhanced densification of the WC-Co
cemented carbide reinforced by MWCNTs is also reported by studies of
Shi et al. [25] and Zhang et al. [20]. Moreover, the existence of large
porosities in the sample containing 0.9 wt% is probably because of poor
dispersion and clustering of MWCNTs.

The microstructural evolution can be observed in SEM micrographs
taken at higher magnification, which are presented in Fig. 3. It is evi-
dent that NbC grain growth occurs by increasing the amount of
MWCNTs (see Table 1 for grain size). Based on the existence of large
interconnected faceted grains with round corners, it can be assumed
that NbC grain growth is promoted by solution precipitation me-
chanism [26]. This mechanism takes place at the final steps of densi-
fication and could lead to lower fracture resistance properties [12]. The
solution precipitation mechanism is more intense when the solubility of
carbide in the molten binder increases [26]. Therefore, this micro-
structural feature certifies the better densification of NbC-M2 obtained
by addition of MWCNTSs. Similar carbide grain coarsening has already
been reported in NbC-Ni [11] and WC-Co [27] cemented carbides as a
result of carbon addition. Besides the two major phases (i.e., dark and
grey) in the microstructure, a bright phase can be noted along the NbC
grain boundaries (marked in Fig. 3(a)), which disappears when the
amount of MWCNTs is increased (Fig. 3(a-d)). Based on the EDS ana-
lysis and previous reports by Hadian et al. [12], this phase is rich in W,
Mo, and Cr elements. According to Huang et al. [11], the addition of
carbon in NbC-based cemented carbides could change the solubility of
elements in both binder and carbide phases. The more carbon dissolves
into the binder, the less alloying elements exist in the metallic phase.
Additionally, the excess carbon can also occupy the vacant octahedral
positions of the NbC rock salt structure [28]. It is therefore proposed
that by the addition of MWCNTs, the alloying elements depleted from
the M2 binder and dissolved into the NbC structure to form mixed solid
solution carbides.

Further microstructural examinations revealed the presence of an-
other phase which was only observed in the sample containing 0.1 wt%
MWCNTs as it is marked in Fig. 3(b). EDS analysis was conducted to
reveal the elemental composition of this phase (Fig. 4 (a-g)). The se-
lected area of the analysis is presented in Fig. 4(a). As expected, the EDS
pattern illustrates the distribution of Nb and C mostly in the carbide and
Fe in the binder phase. Moreover, the elemental maps reveal that at the
right corner of Fig. 4(a), the light grey phase consists of Cr, Nb, and C,
which suggests a mixed carbide is formed by the addition of 0.1 wt%
MWCNTs. The formation of chromium carbides in steels is due to the
reaction of chromium and carbon at high temperature (i.e., 800 °C)
[28]. As a result, it is assumed that in the sample with 0.1 wt%
MWCNTs, a large fraction of MWCNTSs has dissolved into the M2 binder
and led to the formation of this phase. Surprisingly, this phase was not
detected for higher MWCNTs contents, which can be due to the lower
solubility of alloying elements in the binder when MWCNTs are added.
Furthermore, based on Fig. 4(f) and (g) even distribution of W and V
can be observed in the microstructure which supports this explanation.
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Fig. 2. SEM backscatter micrographs of the sintered NbC-M2 cemented carbide containing (a) 0 wt% (b) 0.1 wt% (c) 0.3 wt%, and (d) 0.9 wt% MWCNTs.

Table 1

Density, relative density and average NbC grain size of the NbC-M2 cemented
carbide containing different amounts of MWCNTs after sintering at 1360 °C for
1h.

MWCNTs (wt%) 0 0.1 0.3 0.9
Density (g.cm™>) 7.3136 7.3013 7.5123 7.2893
R.D. (%) 94.50 94.57 97.76 96.20
NbC grain size (um) 5.54 6.12 7.02 6.87

3.3. Mechanical properties

Vickers hardness and fracture resistance of the sintered NbC-M2-
MWCNTs are presented in Fig. 5. The results show that adding small
amounts of MWCNTSs (i.e., from 0 to 0.3 wt%) increased the hardness
from 1101 + 18 HV to 1470 = 22 HV, respectively. However, further
increase in MWCNTSs up to 0.9 wt% caused a drastic drop in hardness
down to 997 * 26 HV. Several factors contribute to the final hardness
of cemented carbides. Intrinsic plasticity of ceramic and metallic
phases, sintering condition, binder percentage and its distribution,
carbide grain size, total carbon content, density, remaining porosities,
and bonding strength between the ceramic and metallic phases are the
main factors [3,29]. Based on the microstructural investigation (Fig. 2.)

and density measurements (Table 1), the high hardness associated with
the sample containing 0.3 wt% MWCNTs is mainly due to its higher
relative density. Regarding the fracture resistance, a slight variation in
its trend can be noted compared to the hardness trend (Fig. 5). The
values of fracture resistance do not represent a remarkable change
(variation between 2.7 and 3.6 MPa.m®®) when the amount of
MWCNTs is increased. A decrease in the fracture resistance is seen after
adding 0.1 wt% MWCNTs, followed by an increase to the highest value
of 3.55 + 0.8 MPa.m®® for the sample containing 0.3 wt% MWGCNTSs.
Finally, a drop in the fracture resistance can be noted when 0.9 wt%
MWCNTs are added to the mixtures. There is an optimum value of
0.3 wt% MWCNTs addition to obtain highest fracture resistance value
in NbC-M2-MWCNTs cemented carbides. The reduction of fracture re-
sistance by the addition of 0.1 wt% is associated with the formation of
undistributed coarse chromium carbide in the binder (Fig. 4.), which
has low ductility and leads to weak fracture properties [28]. The duc-
tility of the metal binder mostly influences fracture resistance of the
matrix. Moreover, it is shown that coarse carbide grains can accom-
modate plastic deformation via dislocations, stacking faults, etc. which
would affect the fracture resistance as well [30,31]. Considering this
fact and the increasing trend of NbC grain size upon addition of
MWCNTs shown in Fig. 3., it can be concluded that other toughening
mechanisms exist that caused fluctuation in the fracture resistance. In
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Fig. 3. SEM backscatter images of NbC-M2 containing (a) 0 wt% (b) 0.1 wt% (c) 0.3 wt%, and (d) 0.9 wt% MWCNTs.

order to better understand the mechanisms responsible for enhanced
fracture resistance in the sample containing 0.3 wt% MWCNTs, in-
dentation cracks were investigated by SEM. The ability of nanotubes to
suppress crack propagation is evident in Fig. 6(a-f). In Fig. 6(b) a
bonding between MWCNTs and NbC is evident within the crack. It can
be found that the morphology of the NbC is changed into a rod shape at
the MWCNTS' tip. According to studies on the formation of metal car-
bide nanotubes from CNTs and metal powder mixtures [32-34], it is
assumed that NbC nanorod is formed at the NbC-MWCNTs interface.
Based on Fig. 6(c-f), it seems that the dissipation of crack energy caused
by these MWCNTs bridges is responsible for the higher fracture re-
sistance in the NbC-M2-MWCNTs cemented carbides compared to other
studies [18]. This toughening mechanism is more active in the NbC-
M2-0.3 wt% MWCNTs composite as the highest fracture resistance
value was recorded for this sample. Bridging was not observed for the
sample containing 0.9 wt% MWCNTs. The lowest hardness and fracture
resistance may result from poor dispersion of high MWCNTs loading. It
is assumed that imperfect dispersion resulted in heterogeneous stress
distribution throughout the cemented carbide. As a result, the existence
of high local stress led to the unwanted mechanical properties [35].
This proves that an optimum amount of MWCNTs (here 0.3 wt%)
should be added in order to obtain the desired mechanical properties.

Similarly, enhancement in mechanical properties of WC-Co cemented
carbide was achieved by the addition of 0.3 wt% MWCNTs as well [20].

Considering the mechanical properties of the samples examined in
this research, it is clear that the sample containing 0.3 wt% MWCNTs
features the superior combination of hardness and fracture resistance.
Microstructural analysis confirmed the formation of bridges in the NbC
cracks. In order to have a better understanding of the bonding between
NbC and MWCNTs, another mixture containing NbC-5 wt% MWCNTs
was prepared via the same sintering procedure. The SEM micrograph
taken from the fracture surface of this sample is shown in Fig. 7. Some
hackle lines could be traced (Fig. 7(a) marked in red). This feature is
already reported in a study by Huang et al. [36], which improves
fracture resistance of the matrix. Moreover, bridging between NbC
grains is observable. The bonding shown in Fig. 7(b) between the grains
is not a typical feature of solid-state sintering. Considering MWCNTS'
diameter, it is assumed that the MWCNTs have bonded the grains
strongly, and an NbC tube is formed around the MWCNTs. This will
support the hypothesis of NbC tube formation when being in contact
with CNTs [34]. This idea could introduce new approaches in the
generation of hybrid metal carbide composites with superior properties.
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Fig. 4. EDS elemental map of NbC-M2-0.1 wt% MWCNTs sample: (a) SEM micrograph of the selected area for EDS analysis, (b) Nb, (c) Fe, (d) Cr, (e) C, (f) W, and (g)

V.

3.4. Phase evolution

Fig. 8. presents X-ray powder diffraction (XRD) patterns of the
starting powders. NbC has a Bl cubic rock salt structure with Fm3m
space group, and its Miller indices are indexed according to JCPDS card
number 01-089-3690 (Fig. 8(a)) [37]. M2 steel powder contains two
phases, i.e., a-Fe and y-Fe [38]. Due to high amounts of alloying ele-
ments and high cooling rates during gas-atomization, most molten steel
has transformed to a-Martensite (JCPDS No. 44-1291). However, a
small portion of y-Fe (JCPDS No. 23-0298) usually exists in the final
structure of HSS alloys. Fig. 8(c) shows the XRD pattern of MWCNTSs
(JCPDS No. 26-1080). The broad peaks represent the nanocrystalline
structure of nanotubes [22,39].

The phase evolution of NbC-M2-MWCNTs samples after sintering is
shown in Fig. 9(a). From the XRD patterns, two phases i.e., NbC and a-
Fe can be identified. As stated in Section 3.2, microstructural analysis
via SEM and EDS confirms the presence of three more phases including
a white phase containing W, Mo, and Cr (possibly a mixed solid solution
carbide) a light grey phase containing Cr, Nb, C (possibly a mixed in-
termetallic carbide) and MWCNTs. However, these phases are not re-
solved in XRD patterns, which is due to the limitation of XRD analysis to

detect phases below 5 vol% [40]. A magnified view of NbC's first peak is
presented in Fig. 9(b). Careful assessment of this peak reveals that a
peak shift occurs by introducing MWCNTs from 0 to 0.9 wt% into the
structure. A shift towards lower scattering angles means an increase in
the lattice parameter [40]. As it was mentioned earlier, MWCNTs ad-
dition has changed the solubility of elements in both M2 and NbC
phases. It is evident that the high concentration of alloying elements in
the NbC structure has caused an expansion of its lattice and thus shifted
the scattering angles towards lower values. This behavior confirms the
hypothesis of the higher solubility of elements in the NbC structure by
increasing MWCNTs loading. Finally, the change in the diffraction
angle of the metal binder was not as strong as that of NbC. However, it
is proposed that the a-Fe peaks have shifted towards higher angles
based on similar research done by Huang et al. [11].

4. Conclusion

Using powder technique, NbC-M2 cemented carbides reinforced
with MWCNTs were successfully fabricated. Results show that the ad-
dition of 0.3 wt% MWCNTs leads to the desired combination of hard-
ness, relative density, and fracture resistance compared to the samples
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Fig. 7. (a) SEM image of NbC-5 wt% MWCNTs vacuum heated at 1360 °C for 1 h. (b) strong bonding of two NbC grains.

with 0, 0.1, and 0.9 wt% of this material. Maximum hardness, relative
density, and fracture resistance of the NbC-M2-0.3 wt% MWCNTs were
measured to be 1470 + 22 HV, 97.76%, and 3.55 * 0.08 MPa.m®®,
respectively.

From the microstructural analysis, it was found that the amount of
MWCNTs has a great influence on the appearance of various phases in
the microstructure. A mixed carbide phase consisting of W, Mo, and Cr
disappears by the addition of MWCNTs. Moreover, EDS analysis con-
firmed the formation of undistributed coarse carbide phase rich in Cr,
Nb, and C in the metal binder. This was observed only in the sample
containing 0.1 wt% of MWCNTs. Microstructural investigations de-
monstrated bridging of MWCNTs in the sample containing 0.3 wt%
MWCNTs, which prevented crack propagation, leading to enhanced
mechanical properties. Moreover, strong bonding between NbC and
MWCNTs was observed, which could be a new approach in reinforcing
transition metal carbide composites. X-ray diffraction revealed no
major compositional change by adding MWCNTs after sintering.
Meanwhile, MWCNTs addition increased the solubility of the alloying
elements in the NbC phase resulting in a peak shift in the XRD patterns.
It is concluded that incorporating appropriate amounts of carbon na-
notubes into the NbC matrix can provide strong bonding between the
carbide grains and CNTs and leads to higher fracture resistance.
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Fig. 9. (a). X-ray diffraction patterns of the sintered NbC-M2 cemented carbide containing MWCNTs. (b) XRD pattern of the highest intensity NbC peak representing a
peak shift by adding MWCNTs. (") 0 wt%, (b)) 0.1 wt%, (c¢’) 0.3 wt%, and (d’) 0.9 wt%.
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