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Abstract—In this study, TiC-reinforced NiCrBSi matrix composite materials were produced using the hot
pressing powder metallurgy (PM) technique. The effect of the addition of titanium carbide to NiCrBSi pow-
der in different proportions (5, 10, and 20 wt %) on the microstructure, hardness, relative density, and wear
properties of composites was investigated experimentally. NiCrBSi—TiC composites were produced for
10 min at 1000°C with an applied pressure of 45 MPa using a vacuum-assisted automatic hot-pressing
machine. The wear behaviors of the composites were compared through dry sliding wear tests. Wear rates and
coefficient of friction (COF) values were observed of composites. In addition, the main wear mechanisms are
investigated by using SEM and EDS analyses of the worn surfaces. The wear rates of the composites were

decreased by increasing the TiC content.
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1. INTRODUCTION

Metal matrix composites (MMCs), which have
good wear resistance, hardness, and corrosion resis-
tance are preferred in industry in comparison to non-
reinforced alloys [1—3]. Nickel-based alloys are popu-
lar as matrix materials because they are resistant to
high-temperature conditions. These alloys are partic-
ularly used in forming composite layers or coatings on
the surfaces of materials. For example, Serres et al. [4]
produced NiCrBSi—WC composite coatings by a
hybrid plasma/laser process. They found that the pro-
cess can be applied to simultaneously melt composite
materials with high melting temperature and high
hardness without the propagation of cracks. Cai et al.
[5] formed Ni/TiC composite coatings on AISI 1045
carbon steel substrates by spray plasma spray technol-
ogy. These composite coatings were mainly composed
of TiC, y-Ni, Cr,C; and CrB and exhibited excellent
tribological properties under different loads. Buytoz
et al. [6] used NiCrBSi and different proportions of
SiC powders to produce the composite coatings on
SAE 1030 steel. They observed that the coefficients of
friction (COFs) and wear rate of all samples with
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HVOF coatings were lower than those of the SAE 1030
steel. The increase in the amount of SiC powder had a
beneficial influence on the COF and the wear rate of
composite layers. Zikin et al. [7] investigated the ero-
sive and impact/abrasive wear behaviour of TiC—
NiMo and Cr;C,—Ni reinforced NiCrBSi composite
hardfacings produced by the plasma transferred arc
process. They found a high wear resistance at all test
temperatures under both impact/abrasion and erosion
conditions. Zhang et al. [8] produced Fe—28Al—
5Cr/TiC composites by a hot-pressing process and
investigated the dry-sliding tribological performance
of these composites in an ambient environment at
varying applied loads and sliding speeds. They found
that the COF was independent of the TiC amount and
applied load but increased from 0.46 to 0.60 with
increasing sliding speed under the given testing condi-
tions. The wear resistance increased with increasing
TiC content. The enhanced wear resistance is
attributed to the high hardness of the composites and
the hard TiC phase also plays the role of carrying the
load. Zhang et al. [9] also investigated the high-tem-
perature tribological behaviour of Fe—28Al—5Cr alloy
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Table 1. Production parameters and composition of composite materials

Composition, wt % Production parameters
Sample
NiCrBSi TiC temperature, °C duration, min pressure, MPa
SO 100 —
S5 95 5
1000 10 45
S10 90 10
S20 80 20

and its composites containing TiC at different tem-
peratures. They reported that their wear and friction
properties improved.

B in the chemical composition of NiBSi- and
NiCrBSi-based alloy powders reduces the melting
point of the alloy and contributes to the formation of
hard phases [10, 11]. Si is added for the purpose of
improving nickel mobility. It is reported that Si addi-
tion reduces the liquidus temperature of Ni alloy with
constant B content [12, 13]. Cr, on the other hand,
provides high resistance against oxidation and high-
temperature corrosion. In Ni-based alloys, Cr com-
bines with other elements and increases the wear resis-
tance and hardness of the alloy [14]. This renders the
powder composition of NiCrBSi a good candidate for
a composite matrix material.

Ni alloys are extremely important materials for
high temperature applications [15]. Nickel alloys are
used in machine parts that are subject to wear and
high-temperature corrosion in, for example, the
chemical, oil, and glass mould industries, hot work
punches, fan blades, sludge disposal members in
cement plants, coal boilers, heat exchangers, turbines,
pistons, agricultural machinery, medical applications,
space craft, nuclear power systems, and thermal pro-
cessing equipment [16].

TiC is considered to be a strong candidate for the
development of cermets due to its high hardness, melt-
ing point, chemical and thermal stability, and wear
resistance. TiC also exhibits good melt wettability by
many metallic binders such as Ni, Co, Al, Cu, Fe [17],
and steel matrix [18]. Its beneficial contribution is
most likely associated with the enhancement of the
mechanical properties and wear resistance at high
temperatures [19]. TiC—Ni based cermets were con-
sidered as alternatives to WC-based hard metals as
cutting set materials. The first TiC—Ni materials were
actually formed of Ni, Mo, and TiC, yet they were
quite brittle. Hardness increases in line with the
amount of TiC, while Mo is usually added as Mo,C in
order to obtain a good level of wettability with the

ceramic phase. Ni, on the other hand, is used to obtain
better toughness [20].

MMC:s can be produced by methods such as cast-
ing technologies, powder metallurgy and coating tech-
nologies. The properties of composites produced after
these methods are different. In particular, the powder
metallurgy method is used extensively in the produc-
tion of MMCs due to the advantages such as providing
homogeneous distribution of reinforcing elements in
the matrix, obtaining a smoother surface and no
unwanted phases in the matrix-reinforcing interface
[21-23].

The purpose of the present study is to evaluate the
microstructure and wear properties of NiCrBSi—TiC
composite material produced through the hot-press-
ing PM technique. For this purpose, the microstruc-
ture, phase compositions, and worn surfaces of
NiCrBSi—TiC composite materials were examined
through optical microscopy, scanning electron
microscopy, X-ray diffraction (XRD).

2. MATERIALS AND METHODS

NiCrBSi-based TiC-reinforced MMCs were pro-
duced through hot pressing (HP) method. Having a
grain size of —53 * 20 um, the chemical composition
of NiCrBSi powder (in terms of weight percentage) is
4.5% Si, 4.5% Fe, 3.3% B, 14% Cr, and 0.75% C, with
Ni making up the remainder, while the chemical com-
position of TiC with a grain size of 10 um is 19.28% C
and 80.72% Ti. Varying contents (weight percentages)
of TiC grains were added to the NiCrBSi matrix
composites at the parameter values shown in Table 1.
Figure 1 shows the SEM photography of the NiCrBSi
and TiC powders used in the production of the com-
posites. As can be seen from the pictures, NiCrBSi
powders are partially spherical, while TiC grains have
a sharp-edged appearance.

Powders were mixed at a speed of 20 rpm, for
45 min in a Turbula mixer (Celmak Group 7T, Tur-
key). Powders mixed at varying rates were pressed and
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Fig. 1. (a) SEM micrographs of NiCrBSi powder and (b) TiC powder.

sintered with a Diex brand vacuum-supported hot
press. The powders inserted between graphite moulds
were condensed at a temperature of 1000°C and a
pressure of 45 MPa for 10 min. After hot pressing, the
final dimensions of the samples are designed as
10 x 10 x 20 mm.

Relative density measurements of the samples were
carried out in line with Archimedes’ principle. The
microhardness of NiCrBSi—TiC composites was mea-
sured by using a Vickers hardness device under a load
of 100 gf. OM and SEM were used for the microstruc-
tural examinations of the composite materials, and
phase analyses were carried out by XRD and EDS.
XRD analyses were carried out using Bruker AXS D8
advance equipment at 30 kV with 15 mA of Cu Ko
radiation and a Rigaku Geigerflex X-ray diffractome-
ter. Wear tests of NiCrBSi—TiC composites were car-
ried out using a CSM tribometer device (ASTM G133
standard). Wear test conditions are given in Table 2.
3 mm 94% WC + 6% Co Certified spherity ball
(Redhill Precision Specialty Balls Company) was
used. The hardness and modulus of elasticity are

the NiCrBSi matrix, the presence of TiC phases also
becomes apparent in the microstructure. Differences
in the distribution within the microstructure were
observed with the addition of TiC. TiC particles were
formed on the boundaries of NiCrBSi particles and as
the amount of added TiC increased, they surrounded
the matrix in the form of a net.

In composite materials, homogeneous or heteroge-
neous distribution of reinforcing elements in the matrix
has an extremely important effect in terms of physical
and mechanical properties of composite materials
[24, 25] Figure 3 shows images of the SEM-MAP anal-
ysis of sintered NiCrBSi—10 wt % TiC composite. The
SEM image illustrates a fairly homogeneous distribu-
tion of TiC in NiCrBSi. The EDS image shows the
main spectra of Ni, Cr, B, Si, and Ti elements at all
locations. The level of Ni was considerably higher
compared to other elements. The titanium spectrum
represented the presence of TiC.

Table 2. Wear test conditions of composite materials

1800 HV and 640 GPa respectively. Worn surfaces of Li d 5
samples were examined by SEM- EDS analyses. inear speed, cm/s
Normal load, N 3
3. RESULTS AND DISCUSSION
31 Mi et Sliding distance, m 50
. 1. Microstructure
SEM photographs of the NiCrBSi matrix TiC-  Wear trace, mm 7
reinforced composite materials produced by means of ) .
powder metallurgy are presented in Fig. 2. In the Ambient temperature, °C 25
microstructure of the NiCrBSi that was not reinforced ) )
with TiC, it can be observed that NiCrBSi grains com-  Ambient moisture, % 35
pletely merge with each other and therefore a high rate .
of neck formation occurs between the grains. Within ~ Data collection rate, Hz 10
the light coloured matrix, the rods form spherical and i
quadrangular structures. Figures 2b—2d show the Counter material 94% WC + 6% Cobalt
microstructure of composite materials reinforced with Counter material diameter. mm 3
5, 10, and 20% TiC, respectively. As TiC is added to ’
RUSSIAN JOURNAL OF NON-FERROUS METALS Vol.61 No.5 2020
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Fig. 2. SEM micrographs of NiCrBSi—TiC composite materials: (a) without TiC addition, (b) 5% TiC, (c) 10% TiC, and
(d) 20% TiC.

10 pm 10 pm 10 um

Fig. 3. SEM-MAP analysis showing uniform phase distribution of Ni, Cr, B, Si, and Ti elements for NiCrBSi—10 wt % TiC com-
posite.
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Fig. 4. XRD diffractograms of NiCrBSi—TiC composites.

Figure 4 shows the XRD diffractograms of
NiCrBSi and NiCrBSi—TiC materials. According to
the analysis results, y-Ni, Ni;Si, CrB, and TiC phases
were formed in the structure. Silva et al. [26] reported
the formation of y-Ni, Ni;Si and CrB phases in their
study on the wear and microstructure properties of
NiCrBSi coatings. Since there is no chemical reaction
between the TiC particle and the NiCrBSi particle, no
new Ti-containing phase has been formed. This can be
explained by the fact that the sintering temperature is
insufficient for this chemical reaction. This has also
been reported in studies in the literature. Islak et al.
[27]. In their study on Cu—TiC composite materials,
they found that a phase did not occur due to insuffi-
cient sintering temperature between Cu and Ti. The
intensity of the TiC peak in the diffractograms
increased in line with the increasing TiC amount.

3.2. Density and Hardness

The relative densities of NiCrBSi and NiBSi—TiC
composites determined through the use of Archime-
des’ principle are presented in Fig. 5 according to the
amount of TiC added. As the amount of TiC addition
increases, the relative densities of the composites
exhibited decreases. While the relative density of
NiCrBSiwas 98.24%, the relative densities of compos-
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ites obtained with the addition of 5, 10, and 20% TiC
were 95.87, 92.56, and 88.34%, respectively. This is
due to the fact that reinforcement particles reduce the
compactibility of composite powders. Another reason
for this is the effect of reinforcement particles that pre-
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Fig. 5. Relative densities of NiCrBSi—TiC composites
depending on TiC addition.
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Fig. 6. Hardness of NiCrBSi—TiC composites.
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rates of NiCrBSi—TiC composites.

vent the rearrangement of composite powders during
the sintering of the composite due to the considerable
difference between the melting points of the reinforce-
ment particles (3160°C) and that of the matrix
(~1100°C) [28] because, although the matrix can be
diffused more easily between reinforcement particles
with the addition of a smaller amount of reinforce-
ment, as the amount of reinforcement increases the
reinforcement particles form a barrier that prevents
diffusion. This in turn results in decreases in the rela-
tive densities of the composites [29, 30].

The hardness values of the obtained NiCrBSi—TiC
composites according to the amount of TiC addition
are presented in Fig. 6. As the amount of TiC added
increases, a significant increase in composite hardness
takes place. The hardness values of NiCrBSi-TiC
composites vary within the range of 867 to 1188 HV,,,.
It is possible to assert that this increase of hardness is
triggered by the distribution of titanium carbide within
the matrix. The hard reinforcement elements in the
matrix have an effect preventing dislocation move-
ment. This causes an increase in the hardness of the
composite. In addition, the high natural hardness of
the elements forming the composite material, espe-
cially the reinforcements, causes an increase in the
hardness of the composite according to the mixing
rule. The increase in the amount of hard reinforce-
ments causes an increase in the hardness of the com-
posite [31].

3.3. Wear and Friction Tests

The COF values obtained as a function of sliding
distance for the four samples with varying rates of TiC
reinforcement are presented in Fig. 7. As can be seen
from this figure, after the distance reaches 15 m, an
almost fixed variation of the COF can be observed for
all samples. From the start of the tests, rapid increases
in the COFs are observed within the first 15 m of slid-
ing distance. These increases take place due to the
abrasive effect of the weak oxides, which become
crushed on the sample surfaces. In addition, the hard
TiC particles separated from the surface of the com-
posite material also create the same effect. The hard
composite surfaces and the high load-bearing capacity
of the y-Ni matrix structure seen in all samples reduce
the negative effects of these particles on wear. For this
reason, the amount of reinforcement used and the
matrix become very important in the determination of
wear characteristics.

In composites, wear rates need to be considered
together with the COF. Figure 8 shows both the aver-
age COFs and wear rates. Examination of Fig. 8 shows
that the COFs obtained for all samples have rather low
values such as 0.25 and 0.3 . Although the sample S0
(pure NiCrBSi) exhibited a relatively low COF of
0.25 W, it exhibited the highest wear rate, with a value

RUSSIAN JOURNAL OF NON-FERROUS METALS  Vol. 61 No.5 2020
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EDS analyses (wt %)

Component| Square-1 | Point-2 | Point-3 | Point-4 | Point-5
o 3.130| 4.496] 0.254| 24.543| 3.319
W 7.722| 4.218| 7.584| 21.188| 5.472
C 2.894| 2.800] 0.000| 11.514] 0.292
Si 3.900 L111| 0.074] 2.294| 3.071
Cr 21.310| 69.082| 8.131| 10.889| 34.822
Ni 60.902| 18.216| 83.742| 29.399| 51.852
B 0.000| 0.000| 0.000{ 0.000| 0.000
Ti 0.143] 0.078| 0.215| 0.172 0.172
Total 100.000{100.000{100.000|100.000 | 100.000

Fig. 9. SEM photograph and EDS analysis of the worn surface of SO composite sample.

of 4.66 x 107> mm?3/N m. Although the average COF
value in the sample S5 increased to ~0.28 U, the wear
rate decreased to 2.73 X 107> mm?3/N m. The sample
S10 exhibited the lowest average COF of ~0.23 p.
The wear rate of this sample was determined as
2.50 x 10~> mm?3/N m; in other words its wear resis-
tance in comparison to the non-reinforced sample
approximately doubled. As expected, the sample S20
had the lowest wear rate in all of the samples. This sit-
uation was enabled by the adding highest TiC rein-
forcement ratio. As a matter of fact, the wear rate of
this sample decreased to ~0.8 x 10~ mm?3/N/m which
this wear rate was nearly six times lower than non-
reinforced sample. However, the average COF for this
sample reached the highest value of ~0.3 u. Examina-
tion of the wear distance diagram of this sample
(Fig. 7) shows that its friction coefficient, which was

RUSSIAN JOURNAL OF NON-FERROUS METALS
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0.2 p at the early period of the test, increased suddenly
and sharply. Due to highest TiC reinforcement ratio,
hard TiC particles separated from the surface involved
into contact point during the wear test and behave as
abrasive third body. This occasion deteriorate the fric-
tion behavior of this sample and exhibit highest mean
COF values in all samples.

Figures 9—12 show the SEM photographs and EDS
analyses of the worn surfaces of composite materials.
Examination of the worn surface of the SO sample
(Fig. 9) shows the presence of diverse combinations of
microstructures formed through the effect of the
NiCrBSi particles. The oxides that formed on the sur-
face are considered to have created an effect that
reduces the COF [32, 33]. Also, the W element found
in the analyses came from the counter object. This in
turn is an indication that the hard structures in the sys-

No.5 2020
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EDS analyses (wt %)

Component| g TPoint-2|Point-3] Point-4| Point-3 | Point-6
0 5.851 | 4.765 | 0.777 | 17.001 [10.250 |30.304
W 9.396 | 6.710 | 9.678 | 5.901 |10.856 | 4.921
Ti 3.577 | 0.743 | 0.133 | 0.790 [ 4.994 | 7.628
Cr 13.611_[33.040 | 8.029 [10.075 | 11.902 | 8.700
B 0.000 | 0.000 | 0.000 [ 0.000 | 0.000 | 0.000
Si 2.552 | 1.068 | 3.738 | 3.834 | 1.686 | 3.527
Ni 62.981 |47.493 |76.673 |60.594 |55.728 | 59.204
C 2.032 | 6.181 | 0.972 [ 1.805 | 4.585 | 5.717
Total | 100.000 [100.000] 100.000]100.000] 100.000] 100.000

Fig. 10. SEM photograph and EDS analysis of the worn surface of S5 composite sample.

tem, particularly chromium carbides (point 2) have
worn the counter object. At point 4 in Fig. 9, it is seen
that the wear debris of the area with high oxide and W
content is filled into the hollows of the surface. The
deep hollows on the surface confirm the high level of
wear loss that took place in this sample. The fact that
in this sample there was no reinforcement that would
reduce the abrasive effect of the counter object
increased the wear loss of the sample. However, the
hollows that formed on the surface reduced the con-
tact surface and resulted in a low COF.

Smaller hollows and wear particles are observed on
the worn surface of sample S5 (Fig. 10). Also, plough-
ing effects can be seen which caused by hard particles
partially containing Ti—C—O elements. These tribo-
chemical oxides are formed during the tests were
observed in surface analyses of the same sample

RUSSIAN JOURNAL OF NON-FERROUS METALS

(Fig. 10, point 6). Similar formations can be also seen
at points 2 and 5. In spite of this formations, the con-
tact surface area of this sample remained the stable
during the wear test and these ruptured oxide forma-
tions moves between the contact surfaces freely. This
occasions caused to increase the COF.

Figure 11 shows the worn surface of the composite
sample S10. The abrasive effects on the surface of this
sample, which has the lowest average COF,
decreased substantially. Chromium (point 2) and
titanium (point 6) carbides are clearly visible on the
surface. With the support of these carbides and the
lubricant effect of tribo-oxides with titanium content,
both the COF and the wear amount decreased. The
lubricant effects of titanium oxides are known
[34—36].

Vol. 61
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EDS analyses (wt %

Component|Square-1 | Point-2 [ Point-3| Point-4|Point-5 | Point-6
[6) 2.566| 4.005| 17.453| 1.785| 5.321| 1.398
W 10.813| 5.087| 15.690| 5.327]| 13.644| 4.265
C 16.287| 5.137| 9.817| 26.410| --- 6.125
Ti 12.761] 0.248| 27.347| 3.468| 4.414| 85.473
Cr 14.330| 81.182| 2.737| 32.733| 31.453| 0.548
B 0.000{ 0.000| 0.000] 0.000] 0.000| 0.000
Si 1.807| 0.469| 2.182| 0.335| 4.370| 0.342
Ni 41.436| 3.862| 24.775| 29.942| 40.798| 1.850
Total 100.000 {100.000] 100.000] 100.000| 100.000| 100.000

Fig. 11. SEM photograph and EDS analysis of the worn surface of S10 composite sample.

Figure 12 shows the SEM photograph and EDS
analyses of the worn surface of the S20 sample. It is
observed that the abrasive effects and oxides on the
sample surface are less visible due to highest TiC ratios
as 20%. Due to the high TiC content, the presence of
third particles in the intermediate surface increased.
Free movements of these particles in the intermediate
surface and their contact with the counter body
increased the COF. This situation can also be con-
firmed by the examination of Ti—W contained parti-
cles on the surface (Fig. 12, point 3). Despite this situ-
ation, the lowest wear rate was observed in this sample
due to its high level of bulk hardness which has a high-
est TiC reinforcement.

4. CONCLUSIONS

In the present study, composite materials were pro-
duced by adding TiC reinforcement at four different

RUSSIAN JOURNAL OF NON-FERROUS METALS
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rates to NiCrBSi. Composites were obtained through
hot pressing and sintering under vacuum. It is possible
to use these materials in various applications with the
obtained values of hardness, wear, and COF.

As a result of the XRD analyses, it was determined
that the composites are formed as y-Ni, Ni;Si, CrB,
and TiC phases. The relative density of the composites
is inversely depend on the ratio of the TiC content. On
the other hand, hardness values were increased sub-
stantially with the increasing TiC rate.

Average COF values of the composites were found
to be relatively low nearly as 0.3. Significant decreases
in wear rates were observed in TiC reinforced compos-
ites samples. Although, the lowest wear rate was
observed in the highest TiC reinforced sample, aver-
age COF values of the sample measured as highest.
This case explained by the fact the TiC particles sepa-

No.5 2020
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EDS analyses (wt %)
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Component| Square-1 | Point-2|Point-3| Point-4 | Point-5 | Point-6
o 3.175] 6.570| 19.001| 0.582| 4.277| 3.136

W 15.659| 12.812 5.701| 15.298| 14.472| 7.899

C 1.641| 20.871| 3.208| 1.099| 7.319| 3.318

Ti 18.576] 3.454| 67.105| 0.831] 17.951| 0.348

Cr 13.154| 3.468| 0.730| 3.545| 3.237| 70.436

B 0.000{ 0.000] 0.000| 0.000{ 0.000] 0.000

Si 1.133] 8.224| 0.332| 0.384[ 1.159| 0.857

Ni 46.662| 44.601| 3.922| 78.861| 51.585] 14.005
Total 100.000]100.000{100.000 [ 100.000| 100.000 |100.000

Fig. 12. SEM photograph and EDS analysis of the worn surface of S20 composite sample.

rated from the composite surface and their free move-
ment on the contact interface.
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