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Herein, we study the effect of Ti3SiC2 on the microstructures and tribological properties of an in situ TiC
reinforced Ni(Si, Ti) composites elaborated from Ni and Ti3SiC2 MAX phase powders against steel
(100Cr6). Pressureless sintering at 1080 �C for 4 h of Ni and Ti3SiC2 powders was used to elaborate these
composites with 10, 20 and 30 wt.% of Ti3SiC2. The microstructures of the composites were investigated by
scanning electron microscopy (SEM), x-rays diffraction and Raman spectroscopy. Standard ball-on-disk
friction wear tests under different applied loads were conducted on the composites surfaces at room
temperature. For the three elaborated composites, Ti3SiC2 was totally decomposed and transformed to TiC
phase, while the released Si and Ti atoms from Ti3SiC2 diffused into Ni matrix forming Ni(Si, Ti) solid
solution. As compared with reference (Ni) sinter, the addition of 20 wt.% Ti3SiC2 in the Ni matrix improved
the hardness by � 250%. The addition of Ti3SiC2 particles also had a beneficial effect on the tribological
performance of these composites against steel. The worn surfaces of the elaborated composites under all
applied loads are characterized by the presence of a lubricious Fe3O4-aFe2O3 tribofilms. The effect of
chemical compositions and different applied loads on the wear mechanisms of the three elaborated com-
posites is discussed.
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1. Introduction

Nickel (Ni) is a highly versatile material that can alloy with
most other metals, which give it the ability to be used in a wide
variety of industries, such as automobile, aircraft gas turbines
and its extensive use in energy and nuclear power markets.
Besides its high versatility, its outstanding heat and corrosion
resistance, good toughness and high tensile strength make it a
popular choice as the matrix in metal matrix composites
(MMCs). Many attempts were made in order to improve its
wear resistance and anti-frictional properties by dispersing both
hard and soft reinforcements. Ramesh and Seshadri (Ref 1, 2)
showed that dispersing silicon nitride, fly ash and calcium
fluoride in nickel matrix composites coatings on mild steel
substrates, by sediment electro-co-deposition (SECD) tech-

nique, improved the wear properties of the coating. Cui et al.
(Ref 3) studied the TiC particles composite coating produced
with pure (Ti, C and Ni) powders by laser cladding technique
on gray cast iron substrate. They found that both hardness and
wear resistance after coating were significantly improved,
which is attributed to the existence of in situ TiC in the laser-
clad layer. Titanium carbide (TiC) is one of the widely used
ceramics as reinforcement in composite materials (Ref 4-7);
beside its good hardness (28-31 GPa), high modulus and high
stability at elevated temperatures, TiC also provides a good
wear resistance (Ref 8). By means of wear resistance,
intermetallic compounds such nickel-based ones (Ni3Si) also
possess many attributes necessary for this property (high
strength, high elastic modulus and good environmental stabil-
ity). Niu et al. proved that Ni3Si-based composites have an
excellent wear resistance at ambient (Ref 9) and high temper-
ature (Ref 10).

Few research works have focused on Ni-Si-Ti-C system to
fabricate an in situ Ni3Si and TiC particles reinforced MMCs.
This composite system proved itself as a good wear resistant
coating (Ref 11).

MAX phases are thermodynamically stable nanolaminates
ceramics displaying unique properties (Ref 12, 13). With a
general formula Mn+1AXn (n = 1 � 3) where M is an early
transition metal, A is an element from groups IIIA or IVA in the
periodic table, and X is C or N. Ti3SiC2 is the most
characterized MAX phase, and ideal candidate for our project.
MAX phases were considered as an expensive material until
2016, when Istomina et al. (Ref 14) have succeeded to reduce
the cost of Ti3SiC2 MAX phase synthesis, through reduction in
titanium dioxide (TiO2) with silicon carbide (SiC) and elemen-
tal Si. They showed that the purity of Ti3SiC2 sample reached
96 wt.%. It is well established that the decomposition of MAX
phases is triggered by the outward diffusion of A element that
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causes the formation of transition metal carbide or nitride (Ref
15, 16). The released A element (Si) in our case can react with
the surrounding Ni matrix to form a Ni solid solution and
dispersed Ni3Si intermetallic. However, achieving the forma-
tion of a significant amount of Ni3Si is challenging due to
insufficient content of A element in Ti3SiC2.

Recently, in situ formation of TiC, Ni(Si, Ti) solid solution
through Ti3SiC2 MAX phase decomposition in reinforced Ni
matrix was successfully synthesized (Ref 17). This new
composite system derived from reactive sintering approved its
efficiency by its outstanding mechanical properties. As far as
we are aware, to date no work has been carried out on
characterizing their tribological behavior. Thus, the aim of our
work is initially to fabricate an in situ TiC reinforced Ni metal
matrix via powder metallurgy route, starting with Ti3SiC2

MAX phase and pure nickel as reactive powders. The effect of
Ti3SiC2 contents on phase composition, microstructure, hard-
ness and wear resistance is reported.

2. Experimental Details

2.1 Raw Materials

Ti3SiC2 powder (available commercially under the name
Maxthal312; Sandvik Heating Technology, Sweden) and nickel

Fig. 1 SEM micrographs of the starting materials, (a) Ni powder; (b) Ti3SiC2 powder; (c) particles size distribution of Ni and Ti3SiC2 powders;
(d) x-rays diffraction patterns of starting materials. Bottom pattern (black) shows diffractogram of Nickel powder. Top pattern (red) is that of
Ti3SiC2 powder

Table 1 Powder mixtures and the density of the different
elaborated composites

Sample Nickel, wt.% Maxthal312, wt.% Density, g/cm3

Ni 100 … 8.42 ± 0.21
NTSC10 90 10 6.21 ± 0.26
NTSC20 80 20 5.73 ± 0.19
NTSC30 70 30 5.54 ± 0.36
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(Ni) powder (Aldrich chemical company. Inc) were used. Laser
scattering particle size analyzer (HORIBA LA-960) was used to
test the particles size distribution of raw powders.

2.2 Samples Preparation

Ni/Ti3SiC2 composites were fabricated, by preparing a
powder mixtures of Ni with 10, 20 and 30 wt.% of Ti3SiC2

powder (see Table 1). All the compositions were dry milled for
15 min in a PM 400 planetary mill (RETSCH, Germany) using
zirconia balls, with ball-to-powder ratio of 5:1 at a rotary speed
of 250 r/min. The mixed powders were then cold pressed in
a � 16 mm stainless steel die with a uniaxial compressive
stress � 560 MPa for 15 min. For comparison, pure Ni sample
was also prepared under similar conditions. The composites
were sintered at 1080 �C for 4 h in a controlled atmosphere
furnace, under Ar environment. Density and open porosity of
the elaborated samples were measured by Archimedes� method
in water. The phase composition of the starting powders and the
elaborated composites was determined using an x-ray diffrac-
tometer (PANalytical, X�Pert3 Powder) with Cu Ka radiation
(1.542 Å); 2h ranged from 5� to 80� with a 0.02� step size and
1 s step time. Rietveld analysis was performed using Material
Analysis by Diffraction/Reflectivity (MAUD) software (Ref 18,
19). The phase fractions and the lattice parameters were refined
using the least-squares refinement implemented in MAUD.
Samples for SEM were prepared by mechanical grinding
gradually using (280-4000) grade SiC sandpaper and then
ultrasonically cleaned in ethanol for 5 min to remove any
residual SiC particles from grinding on the samples surfaces.
Backscattered electron (BSE) and secondary electron (SE)
images were obtained using SEM, (Quanta 650; FEI Nether-
lands), equipped with an energy-dispersive x-ray spectrometer
(EDS), (Brucker X Flash 6/10). The conditions used for SEM
images were: (high vacuum, 10 mm working distance, 2 lA
beam current intensity, spot size 4 and an accelerating voltage
of 20 kV). For EDS analysis, the detector window was 3.3 lm
Al; the acquisition time for each analysis was 120 s, with an
energy resolution of 129 eV (Mn Ka FWHM). Note that
standardless-based semi-quantitative analysis through peak-to-
background model and subsequent ZAF-correction (P/B-ZAF)
was automatically performed; however, all C and O concen-
trations reported herein have to be taken with a grain of salt
given the known inability of EDS to correctly quantify C and
O�. The Raman spectra on the wear tracks were recorded using
a spectrophotometer (Horiba LabRAM HR Evolution, Japan)
equipped with an Ar + ion laser operating at a wavelength of
633 nm, with an incident power of 17 mW. In these measure-
ments, 10% laser power was used for 10 s of exposure time.

The hardness of the samples was tested by using a Vickers
hardness indenter (INOVATEST NEXUS 4300) with an
indentation load of 10 Kgf for 15 s. An average of 5 readings
for each composition is reported in the text. The tribological
properties were determined by a ball-on-disk method using a
micro-mechanical property test system (CSM Tribometer,
Switzerland). All wear tests were performed in an open
atmosphere, without a lubricant, by pressing a 6 mm diameter
steel ball (100Cr6, Hv � 8GPa) on to rotating composites
disks. The applied normal forces FNð Þ were 2, 6 and 10 N, at a

Fig. 2 (a) Rietveld refined x-ray diffraction patterns of NTSC10
(green line), NTSC20 (brown line) and NTSC30 (violet line). (b)
Enlarged XRD patterns of (a), between 43.8� and 44.9� (for
comparison, pure Ni pattern is also shown)

Table 2 Summary of weight fractions and lattice
parameters of Ni, Ti3SiC2 and TiC phases obtained from
Rietveld analysis of XRD patterns of the Ni and
Maxthal312 powders

Phase wt.%

Lattice parameter

c, nm a = b, nm

Nickel Powder Ni 99.99 a = 0.3524
Maxthal312 Powder Ti3SiC2 87 1.7660 0.3065
TiC 13 a = 0.4319
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Fig. 3 SEM images of NTSC composites top surfaces: (a) NTSC10, (b) NTSC20, (c) NTSC30; (d), (e) and (f) are higher magnification of (a),
(b) and (c), respectively

Fig. 4 SEM images of (a) NTSC30 composite top surface, (b) a higher magnification of the area represented by a rectangle in (a)
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relative sliding speed of 55 mm/s. The tribometer was pro-
grammed to stop the test when l were higher than 1.2 or the
sliding distance was > than 150 m, whichever came first. An
average of the final 20 meters data points of the friction
coefficient (l) was used to calculate steady state friction
coefficient (l). The arithmetic roughness Ra (Ra < 0.05 lm)
and the 2D profiles of the samples surface were measured using
a 2D profilometer (Tribotechnic, France). Specific wear rates
(WR�s) were calculated by initially finding the surface area of
the 2D plots which is provided by the computer and
multiplying it with the track circumference, i.e., 2pr, where r
symbolizes the track radius, to calculate the wear volume (V).
The wear volume is then divided by the applied normal load
(FN) and distance (d) travelled by the ball as shown in Eq. 1:

WR ¼ V= FN � dð Þ ðEq 1Þ

3. Results and Discussion

3.1 SEM and XRD Results of the Starting Powders

SEM micrographs of Ni and Ti3SiC2 powders are shown in
Fig. 1. Ni powder is composed of discrete, spiky, needle-like
particles, as shown in Fig. 1(a). This unique feature makes it
perfect for powder metallurgy applications. Figure 1(b) shows
Ti3SiC2 particles having an irregular shape. The insets in
Fig. 1(b) illustrate the characteristic of Ti3SiC2 nano-laminated

structure. Figure 1(c) represents the particle size distribution of
each powder; it indicates that Ni and Ti3SiC2 powders
have � 4-30 lm and � 2.5-15 lm range, respectively.

Table 2 summarizes the Rietveld analysis results of the Ni
and Ti3SiC2 powders. The refined XRD diffraction patterns of
the starting materials are shown in Fig. 1(d). The Ti3SiC2

(Maxthal312) powder (top panel in Fig. 1(c)) indicates the
presence of two phases with approximately � 87 wt.% Ti3SiC2

and � 13 wt.% TiC. The latter originates from powder syn-
thesis and often found as an impurity phase in commercially
available Ti3SiC2 (Ref 20). The sharp diffraction peaks in the
patterns indicate that all powders (Ti3SiC2 and Ni) are highly
crystallized. The lattice parameters obtained are in good
agreement with those reported in the literature for these phases.

3.1.1 Microstructures of the Elaborated Composites
from Ni and Ti3SiC2 Powders. Figure 2(a) shows the
refined x-ray diffraction patterns of the Ni/Ti3SiC2 elaborated
(cold pressed and sintered at 1080 �C) composites with
different amounts of Ti3SiC2. They are referred to as NTSC10,
NTSC20 and NTSC30 for composites synthesized with 10, 20
and 30 wt.% of Ti3SiC2, respectively. No Ti3SiC2 peaks have
been detected. From the x-ray diffraction patterns, the NTSC10
and NTSC20 composites are composed (bottom and middle
patterns, respectively) of TiC and Ni(Si, Ti) solid solution. This
indicates that a strong reaction between Ni and Ti3SiC2

particles occurred at 1080 �C, which led to a total decompo-
sition of Ti3SiC2 MAX phase. When Ni comes into contact
with Ti3SiC2 particles, the good affinity between Ni and Si
induces the de-intercalation of Si from Ti3SiC2 phase along the
basal planes, leading to the formation of TiC, while the released
Si and Ti atoms from Ti3SiC2 diffuse into Ni matrix forming
Ni(Si, Ti) solid solution as illustrated in Eq. (2) (Ref 17).

Ti3SiC2 þ Ni ! TiCþ Ni Si;Tið Þ ðEq 2Þ

From the diffraction pattern of the NTSC30 composite (top
pattern), besides TiC and Ni(Si, Ti) a third phase was identified
(Ni3Si intermetallic). It is difficult to distinguish between the
XRD peaks of Ni and Ni3Si phases because they possess the
same cubic structure, with close lattice constant �a� being

Fig. 5 Plots of (a) open porosity vs. wt.% of Ti3SiC2 and (b) Vickers hardness vs. wt.% of Ti3SiC2 addition in Ni matrix

Table 3 Summary of EDS results in at.% obtained from
the various regions labeled in Fig. 4(a)

Spot Ni Ti Si C Figures

1 90 ± 3 4 ± 4 6 ± 10 … Figure 4(a)
2 2 ± 7 54 ± 5 … 44 ± 10 Figure 4(a)
3 53 ± 10 19 ± 5 3 ± 5 25 ± 13 Figure 4(a)
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0.3524 nm (Ni) and 0.3510 nm (Ni3Si). A number of previous
studies on Ni-Si alloys have shown overlapping Ni and Ni3Si
XRD peaks (Ref 21, 22). Here, the presence of Ni3Si phase can

only be confirmed according to the presence of the unique, but
very weak, characteristic peak corresponding to the (100) plane
at 25.11�.

Fig. 6 Variation of friction COF (l) with sliding distance of the NTSC composites/100Cr6 steel couple at (a) 2 N, (b) 6 N and (c) 10 N. (d),
(e) and (f) represent the 2D profiles of all wear tracks after tribology tests for NTSC composites under 2 N, 6 N and 10 N, respectively
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It is observed that the peak of Ni between 44� and 45� shifts
from 44.55� to lower angles with the increase of Ti3SiC2

content as shown in Fig. 2(b). According to Bragg�s law, it
indicates an increase of lattice parameter. The measured lattice
constants of Ni(Si, Ti) solid solution of NTSC10, NTSC20 and
NTSC30 composites are 0.3531, 0.3534 and 0.3537 nm,
respectively. Based on the reported data, we attribute the shift
of Ni peaks and the increase in lattice constants to the formation
of Ni(Si, Ti) solid solution.

Backscattered electron images of NTSC composites are
shown in Fig. 3. A good distribution of Ti3SiC2 particles inside
the Ni matrix having an irregular shape has been observed.
Figure 4(b) shows a high magnification of the rectangle marked
in Fig. 4(a) of the NTSC30 composite. It is characterized by a
nanometric size particles with different contrasts (light and dark
gray) embedded in the Ni matrix. These particles probably
represent the Ni3Si intermetallic and/or a refined TiC particles.
It has been reported that the in situ formation of particles
generates a much smaller size of the reinforcement particles and
cleaner (particle/matrix) interfaces (Ref 23).

The amount of constituent elements in different regions
determined by EDS from Fig. 4(a) is summarized in Table 3).
For NTSC30 composite, the light gray region (point 1)
represents Ni matrix in which small amount of Si and traces
of Ti has entered the crystal structure of Ni forming the Ni(Si,
Ti) solid solution. The dark gray area (point 2) is consistent
with titanium carbide (TiC); and point 3 represents probably a
mixture of different phases (TiC, Ni(Si, Ti) solid solution and
Ni3Si intermetallic).

3.2 Open Porosity and Hardness Measurements
of the Elaborated Samples

Figure 5(a) shows the open porosity variation in NTSC
composites as a function of reactive Ti3SiC2 volume fractions.
It indicates that porosity varies linearly with the increase in
Ti3SiC2 content. This result denotes that pressureless sintering
of NTSC composites becomes difficult as the concentration of
Ti3SiC2 in the Ni matrix increases. Same phenomena have been
observed by Gupta et al. (Ref 24), in their pressureless-sintered
Al/Ti3SiC2 composites.

Hardness studies showed that the three NTSC composites
exhibited higher hardness than pure nickel, as shown in
Fig. 5(b). The hardness improvement of these composites can
be attributed to the high hardness of the TiC particles (resulted
from the total decomposition of Ti3SiC2 phase), the Ni(Si, Ti)
solid solution formation and the good adhesion between the
latters. The NTSC composites hardness increases as a function
of Ti3SiC2 content up to 20 wt.%. However, a decrease in
hardness was observed from 20 to 30 wt.% of Ti3SiC2. This
can be attributed to the high porosity displayed by this
composite as shown in Fig. 5(a).

3.3 Wear and Friction Behavior of the Elaborated Samples

Figure 6(a), (b), (c) shows the relationship between l and
the sliding distance, up to 150 m under different applied loads
for Ni and NTSC composites disks. It can be observed that the
friction coefficients (l) curves exhibit fluctuations that change
from a composite to another. This could be attributed to the
intense cohesive contact between the steel ball and the nickel
matrix (Ref 25). From Fig. 6(a), (b), (c), the friction coefficient
(l) of Ni/steel pair is approximately � 0.55. However, the l�s
of the three NTSC composites varies in a range from � 0.50

to � 0.75. It indicates that the l values of these composites are
not very sensitive to in situ TiC amount, under similar testing
conditions. The low l observed for NTSC20 composite (0.50),
under the load of 6 N, is may be due to a more homogeneous
and smoother tribofilm formation during the sliding process.

Figure 6(d), (e), (f) shows the 2D profiles of all wear tracks
of pure Ni and of the three elaborated composites. As compared
with pure Ni, it can be seen that the wear tracks depths of
NTSC composites (under different applied loads) have
decreased dramatically. The effect of load on wear rates
(WR�s) of Ni and NTSC composites is shown in Fig. 7. An
improvement in wear resistance is clearly seen, the WR�s of the
composites is way smaller than those of pure Ni under all
normal loads. The drastic reduction in WR can be attributed to
the following reasons: (a) the enhanced hardness of the
composites (Ref 26); (b) the quality of bond between the
matrix and the particles (Ref 26, 27); and (c) the great reduction
in the direct metal-to-metal contact between the composite
surface and the ball during sliding (Ref 28).

The WR�s of the NTSC composites decreases with increase
in the amount of the reinforcing particles, as shown in Fig. 7.
The smallest WR�s recorded values are those of NTSC20 and
NTSC30 composites. This is due to the higher hardness
displayed by these composites (Fig. 5b). The incorporation of
in situ hard particles into Ni matrix provides an
irrefutable stress transferring. Since in situ method procures a
good bonding between the matrix and reinforcements, particles
decohesion was avoided, and the loading stresses under sliding
action were well transferred.

Panoramic views of the wear tracks generated under the
different applied loads for NTSC10 and NTSC30 composites
are shown in Fig. 8. All the wear tracks shown are character-
ized by the presence of a tribofilms. Table 4 summarizes the
results of the EDS analysis of the worn surfaces for NTSC10
and NTSC30 composites. For NTSC30, the composition in spot
4 (tribofilm) showed the presence of iron (Fe � 32 at.%) and
oxygen (O � 63 at.%); this result is a proof that an important
material transfer from the steel ball to the surface of the
composite occurred during the test. Note that all the formed
tribofilms have almost the same composition. Similar O-

Fig. 7 The calculated wear rate (WR) values under the different
applied loads for pure Ni and NTSC composites
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containing tribofilms have been reported in prior studies on dry-
sliding of TiC and TiCN-Ni cermet systems (Ref 29, 30).

Figure 9 shows the Raman spectrum of the tribofilm formed
on NTSC30 composite surface under 10 N load. It shows the
presence of five bands (at � 301, � 388, � 471, � 530 and
669 cm�1) that corresponds to Fe3O4 (Magnetite) oxide. These
results are consistent with previously Raman studies on
magnetite (Ref 31-33). Fe3O4 is known to have a lubricating

property and is used as solid lubricant in many applications
(Ref 34, 35). Additional weak bands at � 220 and � 410
cm�1, and a broad one at � 1339 cm�1 were also found
(Fig. 9). The latter belongs to the characteristic signature of a-
Fe2O3 (Hematite) (Ref 31, 33). Hematite is also believed to
have a lubricious property (Ref 36).

When we examine the wear tracks of the NTSC10
composite from Fig. 8(a), (b), (c), away from the tribofilm, it

Table 4 Summary of EDS results in at.% obtained from the various regions labeled in Fig. 8(a) and 11

Spot Fe O Ni Ti Si C Figures

4 33 ± 5 63 ± 10 … … … 4 ± 3 Figure 8(f)
5 10 ± 2 36 ± 6 30 ± 5 2 ± 1 1 ± 3 21 ± 3 Figure 11

Fig. 8 SEM of the wear tracks of NTSC10 (a-c) and NTSC30 (d-f) under the different applied loads
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shows scratches and plastic deformation marks. The reason of
that could be probably due to the low content of hard particles
in this composite, which is dominated by a ductile Ni matrix.
On the other hand, NTSC30 composite contains more hard

particles that can reduce the contact area between the steel ball
and the composite substrate. Several research works showed
that, with increase in reinforcement ratio in a metallic–matrix,
the amount of plastic deformation reduces (Ref 37-39). For

Fig. 9 Raman spectra of the formed tribofilm on NTSC30
composite surface under 10 N load

Fig. 11 A higher magnification of a delamination shown in Fig. 8
(wear track of NTSC10 under 10 N)

Fig. 10 SEM of the wear tracks of: (a) NTSC10 and (b) NTSC30 composites under 10 N load; (c) and (d) are the EDS line scans represented
in (a) and (b), respectively
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more investigation, higher SEM magnifications images of the
wear tracks obtained under 10 N load of NTSC10 and NTSC30
composites are shown in Fig. 10(a), (b), respectively. The green
lines represent the EDS line scans. The elemental compositions
along those lines are shown in Fig. 10(c), (d). For NTSC10
(Fig. 10c), it is clear that Zone I (tribofilm) is comprised of Fe
and O elements, which represent certainly the iron oxides
(Fe3O4 and a-Fe2O3), as was determined by Raman spec-
troscopy; in Zone II, high Ni and small Ti signals were
observed. It refers to the composition of the composite. In the
same zone (Zone II), also a weak signal of oxygen is observed,
which give a sign that a tribo-oxidation occurred in this area
between the composite elements and O during friction. Zone III
has the same characteristics as Zone I. The elemental compo-
sition along the line represented in Fig. 10d (wear track of
NTSC30 under 10 N load) indicates the presence of Fe and O
at the areas covered with a tribofilm (Zone I and III), while only
Ni, Ti and traces of Si are present at the uncovered composite
surface (Zone II), indicating that this composite is less affected.

The wear track of NTSC10 composite under 10 N load
(Fig. 8c) reveals some areas of failures, which were not
observed in NTSC30 composite (Fig. 8f). A higher magnifica-
tion of one of those areas shows a delamination of the formed
tribofilm (Fig. 11). According to EDS analysis (Table 4), the
entrapped debris inside the delamination (spot 5) has a
composition of (Ni � 30 at.%, O � 36 at.%, Fe � 10 at.%,
C � 21 at.%, Ti � 2 at.% and Si � 1 at.%), indicating that a
tribo-mixing between the elements of the detached tribofilm
and the composite surface occurred. From this result, we can
conclude that adhesion process (that causes the delamination of
the tribofilm) is probably detaching out some areas of the
NTSC10 composite located beneath the tribofilm surface,
causing more material loss.

From the above results, we can presume that the possible
formation mechanism of the tribofilm in these composites is
triggered by the transfer of a third body particle from the steel
ball at the junction of the tribo-pairs, onto the composite surface
during sliding. With the ongoing sliding, the third body wear
debris will be fractured and refined to form a homogeneous
mass that is essentially forced into the wear track under the
applied load, leading to the formation of a tribofilm. This latter
can cushion the load or fracture and serve as the source of wear
debris.

4. Conclusion

TiC-Ni(Si, Ti) composites were successfully elaborated
through pressureless sintering at 1080 �C for 4 h from pure Ni
and Ti3SiC2 MAX phase (10, 20 and 30 wt.%) powders. The
microstructural characterization, and mechanical and tribolog-
ical behaviors of the composites have been investigated. From
the totality of our results, the following conclusions can be
drawn:

1. After sintering, Ti3SiC2 MAX phase was totally decom-
posed and transformed to TiC phase. Meanwhile, the de-
intercalated Si and Ti atoms diffuse into Ni matrix giving
a rise of Ni(Si, Ti) solid solution.

2. The hardness of NTSC composites increased linearly as a
function of Ti3SiC2 content up to 20 wt.%. NTSC20

composite is � 2.5 times harder than pure Ni. The
improvement of hardness was attributed to the in situ for-
mation of hard TiC particles, Ni(Si, Ti) solid solution for-
mation and the good bonding between TiC and Ni(Si, Ti)
matrix.

3. TiC content within the composites has no significant ef-
fect on the friction coefficient (l) values under the ap-
plied loads; it varies between � 0.50 and � 0.75.

4. All TiC-Ni(Si, Ti) composites exhibited better wear resis-
tance than Ni. Under 6 N load, the wear rate (WR) val-
ues were 20.42 9 10�5 mm3/N m and
0.64 9 10�5 mm3/N m for pure Ni and NTSC20 com-
posite, respectively. SEM and Raman spectroscopy stud-
ies on the worn surfaces of the elaborated composites
under all applied loads revealed the presence of a lubri-
cious tribofilms, composed of Fe3O4 and a-Fe2O3 iron
oxides.
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