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Mechanical and wear properties of Si3N4 reinforced titanium composites
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In the present study, Si3N4 reinforced titanium composites have been produced by the powder metallurgy method. The
effect of various percentages of Si3N4 (0-9 wt. %) on the microstructure, density, hardness and compressive strength of
titanium (It) composites have been investigated. After sintering at 1100 oC for 120 min., the mechanical properties have
been significantly developed up to 3 wt. % Si3N4. The highest hardness and the greatest compressive strength have been
obtained for 3 wt. % Si3N4 reinforced composite (698.5 HV and 1093 MPa) when compared to pure titanium (414.2 HV and
826 MPa). Si3N4 addition improved the wear properties of composites when compared to pure titanium. The lowest wear
rate (1.36 x 10-5, 2.75 x 10-5 and 5.15 x 10-5 mm3 / Nm for 10 N, 20 N and 30 N, respectively) have been obtained for
3 wt. % Si3N4 reinforced titanium composite. Above this ratio, the properties of composites have deteriorated due to
agglomeration tendency of Si3N4 powder. The scanning electron image, elemental mapping and line analyses confirm the
uniform distribution of Si3N4 powder in Ti matrix. There has been no in-situ formed second phase of composite structure
from the X-ray diffraction analyses.
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1 Introduction
Studies on metal matrix composites such as
aluminium (Al), magnesium (Mg) and titanium (Ti)
have been increased over the past years. The reason
for the fabrication of metal matrix composites
(MMCs) is to protect the superior properties of the
metal matrix and to improve its structural features1.
Among them, Ti and its alloys are widely used in
engineering fields such as aerospace, aviation,
automotive and biomaterials industry due to their
lightness, high strength and high corrosion resistance.
However, better mechanical properties, high thermal
conductivities, strong corrosion resistance and wear
properties are needed in these fields. The fabrication
of Ti in composite form reinforced with ceramic
particles is an effective approach to provide higher
mechanical, thermal / electrical and wear features2-5.
In recent years, the researchers have been focused
on to enhance Ti matrix composites (TMCs)
reinforced with some ceramics such as SiC, Al2O3,
B4C, MgO, TiO2, TiB, TiC, BN, Si3N4, etc. due to
their high hardness, compressive strength and wear
properties3, 6-8. Among them, Si3N4 particles have
remarkable properties such as high compression/
impact strength, high-temperature strength, good
——————
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thermal shock resistance, high corrosion resistance,
high wear resistance and low creep properties9.
In the last decades, most of the researches in the
literature are related with especially on Si3N4
reinforced Al and Si3N4 reinforced SiC, AlN, TiN and
ZrN6, 10-13. Şenel et al.14, studied Al / Si3N4 composites
which were fabricated by the powder metallurgy
method. The Si3N4 powder was added to different
percentages in the composite. The result showed that
these reinforcement materials have a positive effect
on the compressive strength of aluminum matrix
composites. The effect of the Si3N4 whisker on
aluminum composite properties under oxidation was
published by Hu et al 15. This process significantly
increased the density, hardness and strength of the
composites. The Si3N4-TiN composite was studied by
Mussano et al.16 as a bone interface material. Obtained
data support the biocompatibility of the Si3N4TiN.The corrosion and tribocorrosion behaviors are
compared with traditional metallic biomaterial
(Ti6Al4V). The Si3N4 / TiN ceramic composite was
studied and compared by Monticelli et al.17. The test
results showed that Si3N4 / TiN is a promising
biomaterial in application because of its developed
corrosion behavior. Blugan et al.18 reported that
Si3N4-TiN composite showed higher density, Young's
modulus, the coefficient of thermal expansion, and
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fracture toughness increased with increasing TiN
content. Ahmad et al.19 investigated Si3N4TiN composites. In that work, composites were
prepared by spark plasma sintering (SPS) process.
Good micro-hardness and bending strength results
were obtained.
As mentioned before, the studies in the literature
are either on Ti-Si3N4 or Si3N4-ceramic (TiN, SiC,
etc.) composites. Up to now, there have been
performed a few studies on Si3N4 reinforced titanium
composites which are at the conference level20. To our
knowledge, there has been no report on detailed
micro-structural and mechanical properties of the
Si3N4 reinforced titanium composites.
Because of these considerations, pure Ti and
Si3N4 reinforced Ti composites (0-9 wt. % Si3N4)
were fabricated using the powder metallurgy (PM)
method. Si3N4 addition effects on density, microhardness, compressive strength and microstructure of
titanium composites have been evaluated and
discussed.

2 Experimental procedures
2.1 Materials

In this work, the Ti powder was used as a matrix
material which was supplied by Alfa Aesar (USA),
with a purity of 99.5 % and diameters of less than <
43 micron. Si3N4 is 99 % purity, has 3.2 g/cm3 and has
an average particle size of < 1µm average particle
size. The Si3N4 powder was purchased from UBE
Industries (Japan).
Figure 1 (a & b) present the morphology of the Ti
and Si3N4 powders. The particle size distributions of
Ti and Si3N4 powders are shown in Fig. 1 (c) and (d),
respectively. Ti contains both mostly spherical and
rod - like particles and its size is under 43 µm. The
average sizes of Si3N4 particles are approximately
0.8 µm.
2.2 Sample preparation

Si3N4 reinforcements of 0, 1, 3, 5, 7, 9 wt. % were
mixed with pure Ti powder. Figure 2 shows the
detailed schematic diagram of Ti-Si3N4 (Ti - SN)

Fig. 1 — SEM image of (a) titanium, (b) Si3N4 powders, particle size distribution of (c) Ti and (d) Si3N4 powders.
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Fig. 2 — Schematic diagram of Ti-SN composites fabrication.

composite fabrication by PM method. Composite
samples have been labeled in this study as follows:
the 1wt. % Si3N4 reinforced composite labeled as
Ti-SN1.
Firstly, both Ti and Si3N4 powders were mixed in
ethanol using ultrasonic homogenizer roughly for
twenty minutes and then the prepared powders were
milled with a ball mill. Milling process was
performed to produce powder mixtures Ti- Si3N4 at
100 rpm in a ball mill for 18 hours. YSZ (yttria
stabilized zirconia) ball was used in the mill. After the
milling process, the powders were compacted in a
stainless steel mold with 10 mm diameter under 900
MPa to obtain disc and square samples. After shaping,
materials were sintered under vacuum in the tube
furnace at 1100 °C for 120 min. Selected sintering
conditions were studied in detail by our previous
paper which gives the effect of the sintering time and
temperature on Ti properties21.
2.3 Characterization

The microstructure and crystal phase of powder,
composites were performed with a scanning electron
microscope (SEM, Jeol JSM-7001F) and X-ray
diffraction analysis (XRD, Rikagu Smartlab).
Elemental mapping and line analyses were performed
by using energy dispersive X-Ray (EDS) to confirm
the existence of ceramic particles in Ti matrix. The
size of Ti and Si3N4 powders were estimated by
particle size analyzer (Malvern Mastersizer 3000).
The apparent density and porosity were tested using
Archimedes principles. The apparent density (ρc),
percent of relative density (RD) (ρr (%)) and percent
of porosity (P %) can be calculated as given in
Eqs (1) to (3), respectively.
ρ

...(1)
%

100

...(2)

%

1

100

....(3)

Here, WK is the dry weight in the air, WD is the
saturated weight in the air, WA is the hanging weight
in water of saturated samples and ρW is the density of
water22.
The Vickers microhardness of composites was
measured using hardness measurement device (HV1000B) under a load of 500 g (HV 0.5) and waiting
time of 15 s. The average values of (at least) six
measurements conducted on different areas of each
sample were considered. Compressive strength
measurements were obtained using the universal
testing machine (Mares Test- 10 tons). Five
measurements were averaged for each composition
with the compression rate of 10 mm min-1. The wear
behaviors of pure and composite samples were
performed with a pin-on-disc test. The counterpart
disc material was selected as X stainless steel. The
wear properties were tested for 10, 20 and 30 N. The
sliding speed and distance were selected as 200 rpm
and 500 m, respectively. The trace of the surfaces
after wear tests were examined by SEM analyses.
3 Results and Discussion
3.1 Density analysis, hardness and compressive strength of
composites

Figure 3 (a) gives the apparent density of pure Ti
depending on sintering temperature and time. The
best sintering temperature and time obtained at 1100
o
C for 120 min. The apparent density of Ti-SN
composite was given after shaping and sintering (Fig.
3 (b) and Table 1). It is clearly shown that density of
all Ti - SN composites significantly increase after
sintering at 1100 oC for 2h. During sintering interparticle bonding, diffusion and elimination of pore
and pore size occurred due to the diffusion
phenomena. The lowest energy required for the
atomic transportation is called as "activation energy".
The number of atoms with sufficient energy to move
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at high temperatures can be obtained by the Arrhenius
equation (Eq. (4))23.
...(4)
where, N is a number of moving atoms, N0 is a
number of total atoms and Q is the activation energy.
As the sintering temperature approaches the melting
point, atom’s movement increases due to the
acceleration of sintering speed. Since the volume
Table 1 — Effect of the Si3N4 content on density and porosity
of Ti composites.
Sample code
Pure Ti
Ti- SN1
Ti- SN3
Ti- SN5
Ti- SN7
Ti- SN9

ρr (g/cm3)
4.17
4.31
4.33
4.21
4.24
4.14

RD (%)-P (%)
1100 oC 120 min
92.7 – 7.3
96- 4
97 – 3
94.6 – 5.4
95.7 – 4.3
94 - 6

changes in the composite sample, the neck formation
takes place between the particles. The apparent
density of Ti-SN3 samples is increased from 4.17 ±
0.01 g / cm3 (pure Ti) to 4.33 g / cm3due to the
sintering effect. Above 3 wt. % Si3N4 addition, the
density was decreased to 4.17 ± 0.01 g/cm3 due to the
agglomeration tendency of Si3N4 particles. As given
in Fig.1 (d), Si3N4 particle size is less than 1 µm
which cause soft agglomeration and high friction
between particles during shaping as a result of
attractive forces. This disrupts the rearrangement of
particles and flow behavior of Si3N4 in the mold.
After 3 wt. % Si3N4, homogeneous distribution of
Si3N4 between Ti grains are deteriorated due to
agglomeration tendency. Therefore, restrictions of
Si3N4 particle rearrangement and high friction
during shaping cause the lower density and higher
porosity23-24.
Figure 4 demonstrates the Vickers hardness of
sintered Ti-SN composites at 1100 oC for 120 min.

Fig. 3 — The apparent density of (a) pure Ti with temperature and time and (b) Ti composites with Si3N4 content.

Fig. 4 — Vickers hardness variation of (a) pure Ti for different temperature and time (b)Ti-SNcomposites for various Si3N4 amount.
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Figure 4 (a) illustrates the Vickers hardness of pure Ti
depending on the sintering temperature and time. The
highest hardness is measured at 1100 oC for 120 min.
Up to 3 wt. % Si3N4 addition to Ti has a significant
effect to increase the hardness of composites (Fig. 4
(b)). The highest hardness was measured 699 HV for
3 wt. % Si3N4 reinforcement when comparing with
pure Ti (414 HV). It can be explained with uniformly
dispersed Si3N4 and strong neck formation after
sintering. Moreover, homogeneously dispersed Si3N4
creates more contact area between Ti particles. The
dispersed Si3N4 restricts the grain growth and
suppresses the dislocation movement during the
mechanical test. Furthermore, Eq. (5) can explain the
improvement of hardness for Si3N4 reinforced Ti
composites.
The
dislocation
strengthening
mechanisms control the hardness of composites. Si3N4
increased the dislocation density in Ti structure due to
its small size. As given in Eq. (5), hardness (H)
depends on the square root of dislocation density.
√

...(5)

where h, α, G are material constant, b is Burgers
vector and ρ is the dislocation density21-26. Therefore,
the composite hardness increases at a certain sintering
temperature (1100 oC) and optimum amount of Si3N4
(3 wt. %). Si3N4 content causes agglomeration and it
led to weak interphase with Ti and Si3N4. This led to
higher porosity, lower density and less hardness.
The compressive strength graph of Si3N4 reinforced
Ti composites are given in Fig. 5 (a). It is clearly
shown that Si3N4 up to 3 wt. % has a positive effect on
compressive behavior. Also, the ductility of the Ti
composites reduces with Si3N4 addition. The
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ultimative compressive strength (UCS) of composites
Ti-SN1 and Ti-SN3 reached up to 925 MPa and 1093
MPa, respectively which are higher than the sintered
(825 MPa) pure Ti (Fig. 5 (b)). UCS of Ti composites
is decreased to 360 MPa with increasing Si3N4
amount. The increase in strength of composite can be
explained by dislocation density, load transfer and
crack deflection strengthening mechanisms. The Si3N4
act as a barrier during sintering which causes to
increase in dislocation density. The load transfer
mechanisms have a main role during the compression
test. Higher compression behavior is one of the most
important property of ceramics. Therefore, a certain
amount of Si3N4 provides a better compressive
strength to the Ti composites. The cracks initiate and
propagate with increasing load during the test. The
ceramic particles act as a barrier to propagate the
cracks. When the cracks close to the ceramic particles,
the crack deflection takes place which causes
the reduction of crack propagation energy27-28,18.
Theoretically, Eqs (6) and (7) give the mechanical
properties and reinforcement element relations,
respectively. From Eq. (6), Si3N4 particles lead to
decreasing the distance between particles.
...(6)
where λ is the distance between the reinforcement
particles, f is the volume fraction of reinforced
particles and r is the radius of ceramic particles. From
the Eqn. (7), shear stress is inversely proportional
to λ:

Fig. 5 — Compressive strength behaviour of (a) pure Ti and Si3N4-reinforced composites and (b) UCS of the sample.

...(7)
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where τ0, G, b, and λ stands for the shear stress, shear
module, Burger’s vector and distance between the
GNP particles, respectively. From these equations, it
can be understood that as the distance between
particles decreases, the shear stress increases. At the
same time, the strength of composite improves29.
These equations are valid for optimum conditions
such as more uniform particle dispersion without
agglomeration and matrix grain growth etc. They are
depend on the particle size, shape, temperature etc.
But in real conditions, the control of these parameters
can not possible e.g. when used small particles, and it
tends to large agglomeration due to electrostatic
forces between particles. These also led to a partially
agglomerated non stable zone, which causes a
negative effect on composite properties. Moreover,
increasing the reinforcement element led to the
changing sintering ability of matrix materials.
Uniform dispersed particles provide more contact
between the particles. But increasing the
reinforcement element has a negative effect on the
sintering ability of matrix due to the more porosity
between agglomerated hard ceramic particles.
The XRD analyses of raw Ti and Si3N4 powders
are present in Fig. 6 (a). These main diffraction
patterns are good guides to determine the crystal
structure of the composites and in-situ formed
undesired second phases such as TiN or Ti - Si
formation after sintering. The XRD patterns of Si3N4
reinforced Ti composites after sintering were given in
Fig. 6 (b). The Si3N4 and Ti peaks are clearly
observed without undesired second phases. Also, the
worn surfaces of the samples were characterized with
XRD. The diffraction patterns were similar as
fabricated other samples.

Figure 7 (a-f) gives thelow and high magnification
SEM images of the pure Ti, Ti - SN3 and Ti - SN7
composites. From the SEM images, the morphology
of pure Ti and Ti-SN3 have strong particle bonding
and necking between Ti grains. Si3N4 particles are
located at Ti grain boundaries which distributed
homogeneously. Above the 3 wt. % Si3N4 content, the
microstructure includes more porosity due to the
agglomeration and higher content of ceramic
particles. The SEM images confirm the density and
hardness results.
Figure 8 illustrates the stereo microscopy images
and elemental maps for Ti - SN3. In Fig. 8 (a-b),
highly dense composites are shown from both
polished and fractured surface. As shown by EDX
mapping (Fig. 8 (c-e), the main elements in the
composite are Ti (green color), Si and N from Si3N4
(blue and red color). Si3N4 has uniform distribution at
Ti grain boundaries.
To confirm the existence of Si3N4 at Ti grain
boundary, line analyses were performed at the
fracture surface of composite (Fig. 9). Line analysis
confirms that Si3N4 exist at the Ti grain boundary.
The Ti signals are reduced when they are close to the
Si3N4 particles at the grain boundary.
The wear behaviours of Ti composites were evaluated
by using a pin-on-disc wear test unit. The sliding
distance (L) was calculated according to Eq. (8),
2
Δ

...(8)
Δ
Δ
∆
∗

Fig. 6 — XRD plot of (a) raw materials (Ti-Si3N4) and (b) and their composites.

...(9)
...(10)
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Fig. 7 — Low and high magnification images of (a-b) pure Ti, (c-d) 3 wt. % Ti-SN and (e-f) 7 wt. % Ti-SN composite.

where L is the sliding distance (500 m), R is the
radius of counterpart disc (20 mm), n is the number of
revolutions (200 rpm) and t is the testing time (20
min.). The volume changes of worn samples (ΔV, Eq.
(9)) were measured using by mass loss (Δm) and
density of composite (ρ). The wear rates (W) of
composites were calculated as given in Eq. (10),

where W, P is the wear rate (mm3 / (Nm)) and applied
load (N), respectively30.
The mass loss (Δm) and wear rate (W) with various
loads for 3 wt. % Si3N4 reinforced Ti composites were
shown in Fig. 10(a-b). The lowest mass loss and wear
rate (Δm = 0.3 mg, W = 1.36 x 10-5 mm3 / (Nm)) were
observed under 10 N load when compared pure
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Fig. 8 — Stereo images of polished surface (a) SEM and (b-e) elemental mapping of Ti-SN3 composites.

Fig. 9 — Line analyses of Ti-SN3 composites.
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Fig. 10 — (a-b) Mass loss and wear rate and (c-f) low and high magnification SEM images of worn surface for pure Ti and Ti-SN3
composite.

Ti (Δm =1 mg, W=5.02 x 10-5 mm3 / (Nm)).The wear
rate was increased with increasing load as expected.
SEM images of the worn surfaces under maximum
load (30 N) for pure Ti and Ti-SN3 composites were
given in Fig. 10 (c-f). The images clearly show that
pure Ti samples include more damage on the worn
surfaces. The most serious damage and the deepest
grooves were observed in pure titanium. On the other
hand, less damage was detected on the surface of TiSN3 composite. Moreover, we examined higher ratios
Si3N4 added samples which has a more defected
morphology as the same the pure Ti samples. It
includes a more deteriorated area with increasing
agglomeration of the Si3N4. These agglomerated
particles dispersed during the wear test between
sample and counter disc. Therefore it acts as abrasive
particles and causes the reduction of wear resistance
property.
4 Conclusions
Fabrication of Ti-SN composites were performed
for various Si3N4 content by using PM method. The
effects of Si3N4 addition on the density, Vickers
hardness, compressive strength and microstructure of
composites have been examined.
(i) The best result was obtained at 1100 oC 120 min.
The highest density and Vickers hardness values

(ii)

(iii)

(iv)
(v)

were obtained for 3 wt. % Si3N4 content. These
values are 4.33 g / cm3 and 698 HV, respectively.
The hardness of Ti-SN composites increased
from 414 HV (pure Ti) up to 3 wt. % Si3N4
content (Ti-SN3) 698 HV. It reduces with the
addition of Si3N4 above 3 wt. % due to the
agglomeration tendency of Si3N4 powders.
The highest compressive strength was performed
for 3 wt. % Si3N4 reinforced composites (1093
MPa) comparing with pure Ti (826 MPa).The
minimum wear rates (1.36 x 10-5, 2.75 x 10-5 and
5.15 x 10-5 mm3 / (Nm) for load of 10 N, 20 N
and 30 N) were measured for 3 wt. % Si3N4
reinforced Ti samples.
According to SEM results, bonding between the
particles and good neck formation were observed
at 1100 oC for 120 min.
The SEM analyses confirmed the Si3N4
distributions in the Ti matrix. Si3N4 was detected
along the Ti grain boundaries. Further studies
can be conducted on this study and this study
will contribute to them.
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