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Abstract

Based on thermodynamic analysis, highly dense (TiB, + TiC)/Ti3SiC, composite ceramics with different TiB, volume contents were in situ
fabricated in situ by hot-pressing at 1500 °C. Laminar Ti3;SiC, grains, columnar TiB, grains and equiaxed TiC grains were clearly identified from
microstructural observation; grain boundaries were clean. The increase of TiB, volume content significantly restrains the grain growth of the
Ti3SiC, matrix. As the content of TiB, increases from 5 vol.% to 20 vol.%, the bending strength and fracture toughness of the composites both
increase and then decrease, whereas the Vickers hardness increases linearly from 6.13 GPa to 11.5 GPa. The composite with 10 vol.% TiB, shows
the optimized microstructure and optimal mechanical properties: 700 MPa for bending strength; 9.55 MPa m"? for fracture toughness. These are
attributed to the synergistic action of strengthening and toughening mechanisms such as particulate reinforcement, crack deflection, grain’s pull-
out and fine-grain toughening, caused by the columnar TiB, grains and equiaxed TiC grains.
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1. Introduction

Ti3SiC, is a ternary layered carbide. It is considered a
potential structural/functional material for its combined
metallic- and ceramic-like properties, such as low density,
high modulus, good thermal and electrical conductivity,
excellent thermal shock resistance and high temperature
strength, damage tolerance and easy machinability [1-5].
However, its low hardness and low creep strength restrict the
potential application of Ti3SiC, as a high-temperature
structural material. Incorporation of second phase is an
effective way to overcome these weaknesses. A number of
reinforcing agents including TiC, SiC, Al,Oj3, c-BN, TiB, and
ZrO, have been applied to improve the mechanical properties
of Ti5SiC, [6-11]. However, previous studies concentrated on
composites containing only one reinforcing agent which
showed a limited enhancement effect. In recent years, a
synergy mechanism between two or more strengthening and
toughening methods was reported. By this mechanism, the
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enhancement and toughening effect was usually larger than the
additional effect brought by individual toughening mechan-
isms. Chen et al. [12] prepared (TiC + Al,03)/Ti;AlC,
composite ceramics by a combustion reaction, which show
higher flexural strength and Vickers hardness than pure TizAlC,
ceramic. Zan et al. [13] added the SiC whiskers as 2nd-level
toughening agent into Al,O3 layers in Al,O03/Ti3SiC, multi-
layer ceramics. Excellent bending strength (688 MPa) and
work of fracture (2583 J/m?) were obtained due to combined
Ist-level toughening mechanism (multilayer structural tough-
ening) and 2nd-level toughening mechanism (whisker tough-
ening). Various other well-known strengthening and
toughening mechanisms can also be used for the design of
ceramics.

Owing to the promising properties such as high hardness,
high modulus, excellent chemical stability, good electrical and
thermal conductivity, and similar coefficient of thermal
expansion (CTE) to TizSiC,, both TiB, and TiC are ideal
candidate reinforcements for Ti3SiC, matrix [7,10]. As
reinforcing agents, TiC grains usually are equiaxed and
provide dispersion strengthening effect, whereas TiB,, pro-
duced by in situ reaction process, usually is columnar/plate like
grain, which can play a role similar to whisker toughening [14].
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Comparing to traditional preparation process, in situ synthesis
shows many advantages in fabrication of composite ceramics,
such as uniform distribution and fine grain size of reinforce-
ments, clean and tightly bonded grain boundary, simplified
process and excellent properties [15]. Therefore, in the present
investigation, (TiB, + TiC)/Ti3SiC, composites were prepared
by in situ hot-pressing sintering, in which Ti;SiC, matrix was
synergistically reinforced by columnar TiB, and equiaxed TiC
grains. Effect of TiB, volume content on the microstructure and
mechanical properties of the composites was attentively
investigated, and the strengthening and toughening mechanism
was discussed.

2. Experimental procedure
2.1. Materials preparation

We selected commercially available powders of TiH,
(99.9%, 300 mesh), Si (99.9%, 300 mesh), graphite (99.9%,
200 mesh), and B4C (99%, average particle size 3.5 wm) as
starting materials. The volume fraction of TiC in the composites
was fixed at 10 vol.%, and that of TiB, was 5 vol.%, 10 vol.%,
15 vol.% and 20 vol.%, respectively. After being mixed and
dried, the powder mixtures were compacted uniaxially under
10 MPa in graphite mold pre-sprayed with a layer of BN. The
compacted mixture was first heated in an Ar atmosphere at a
rate of 30 °C/min from room temperature to 900 °C and held for
1 h, and then heated to the sintering temperature of 1500 °C.
The holding time was 2 h and the applied pressure was 25 MPa.
Finally, the sample was furnace cooled down to room
temperature.

2.2. Characterization

The density of (TiB, + TiC)/TizSiC, composites was
determined by the Archimedes method, and the phase
identification of the materials was performed by X-ray
diffractometer (ARL X’TRA, Switzerland) with Cu K«
radiation. The microstructures, fracture surfaces and crack
propagation of the samples were investigated by scanning
electron microscopy (SEM). Transmission electron microscope
(TEM) was also used to observe the microstructure of the
composites. The sintered materials were cut, ground and
polished into strips with the size of 4 mm X 3 mm x 40 mm
and three point bending was applied to measure room
temperature bending strength using a span of 40 mm with a
crossing speed of 0.5 mm/min. The fracture toughness (Kjc)
was measured using single-edge notched beam (SENB)
specimens with a size of 4 mm x 3 mm X 40 mm. The notch
with a depth of 4 mm and width <0.28 mm was made. The
crosshead speed for fracture toughness testing was 0.05 mm/
min. Five samples were used in both strength and toughness
measurements. Indentation tests were employed to determine
Vickers hardness at room temperature using a Vickers’ diamond
indenter. The indention parameters were made using a load of
9.8 N with a dwell time of 10 s. Five measurement runs were
carried out to determine the average value.

3. Results and discussion
3.1. Thermodynamic analysis
During the hot pressing sintering process, TiH, decomposes

at about 900 °C and then the as-produced Ti reacts with other
raw materials as follows:

TiH, — Ti + Ho T ()
3Ti + Si 4+ 2C — TizSiC, (2)
Ti + C — TiC 3)
3Ti + B4C — 2TiB, + TiC (@)

The thermodynamic calculation [16] indicated that the AG® of
reaction (4) is —634.4kJ mol™' to —622.4kJmol”" in the
temperature range from 1350 °C to 1600 °C, in which reaction
(2) can proceed sufficiently and TizSiC, can exist stably [17].
This means that reaction (4) can take place forward in this
temperature range. Therefore, in situ synthesis of (TiB, + TiC)/
Ti;3SiC, composites with TiH,, Si, graphite and B,C powders as
raw materials is thermodynamically feasible at the present
sintering temperature. The general reaction in the present
system can be described as follows:

(3 +3x + y)TiH, + Si + (2 + y)C 4 xB4C — Ti3SiC,
+ 2xTiB; + (x + y)TiC + (3 +3x +y)Hy | )

The content of reinforcing agents TiB, and TiC can be adjusted
by changing the value of x and y. In this work, excess Si
(1.2 moles of Si) was added to insure the obtained TiC volume
content in (TiB, + TiC)/Ti3SiC, composites close to theoretical
one. Using TiH, powder instead of Ti powder as Ti resource can
produce an uncontaminated and high activity Ti powder,
which will facilitate the in situ synthesis process and should
be favorable to the optimization of microstructure and the
improvement of properties.

3.2. X-ray diffraction characterization and sintering
properties

Fig. 1 gives the X-ray diffraction patterns of (TiB, + TiC)/
Ti3SiC, composites with different volume content of TiB,. All
the samples show the same phase composition, i.e., Ti3SiC, is
the main phase, TiB, and TiC are the second phases. This
suggests that in situ synthesis reactions described above have
proceeded completely and in situ (TiB, + TiC)/Ti3SiC,
composite ceramics have been obtained. With the increase
of the content of TiB,, TiB, peaks increase with no obvious
variation for Ti3;SiC, and TiC peaks. Fig. 2 shows that the
samples prepared in this work are fully dense (apparent porosity
is lower than 0.15%). Increase of TiB, content has no influence
on the densification process of the composites. The weak
variation in bulk density is due to the similar density among the
three phases.
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Fig. 1. XRD patterns of the materials with different TiB, content.

3.3. Microstructure

Fig. 3 shows TEM images and energy-dispersive X-ray
spectroscopy (EDS) analysis results of the composite
containing 10 vol.% TiB,. The successful synthesis of
(TiB, + TiC)/Ti53SiC, composites was furthermore confirmed
by EDS analysis. It can be seen that owing to the superiority
of in situ synthesis, the grain boundaries are clean and clear.
The reinforcing agent TiB, is small columnar grain with a
length of about 1 pm and a slenderness ratio of 4. Fig. 4 shows
the features of fractured surfaces of the composites with
different TiB, content. Laminar Ti3;SiC, grains, columnar
TiB, grains and equiaxed TiC grains were clearly identified. It
can be seen from Fig. 4 that all the fractured surfaces are
rough and there are pits and outcrops resulted from grain’s
pull out. The fracture mode consists of intergranular fracture

Bulk density/(g/cm")
w
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Fig. 2. Sintering properties of the materials with different TiB, content.

mainly for TizSiC, grains and transgranular fracture for TiB,
and TiC grains. With the increment of TiB, volume content,
the grain size of Ti3SiC, matrix tends to decrease, which
suggests that in situ addition of fine TiB, particles can
evidently hinder the coarsening of Ti;SiC, grains. In addition,
with the increase of TiB, volume content, slenderness ratio of
TiB, grains seems to decrease and agglomeration of TiB,
particles is observed. It is known that TiB, is a brittle ceramic,
which may make the cracks propagate through the composites
easily. Therefore, the incorporation of excessive TiB, might
adversely affect the bending strength and fracture toughness
of the composites.

3.4. Mechanical properties

The bending strength and fracture toughness of (TiB, +
TiC)/Ti3SiC, composites are shown in Fig. 5. With the increase
of TiB, content, the bending strength of the materials increases
from about 500 MPa at 5 vol.% to 700 MPa at 10 vol.%, then
decreases to about 400 MPa at 20 vol.%. A similar trend was
found for the fracture toughness. Therefore, when TiB, content
is about 10 vol.%, the optimal mechanical properties of
700 MPa for bending strength and 9.55 MPa m'? for fracture
toughness were obtained. These are much higher than the
values of pure Ti3;SiC, ceramic and other Ti;SiC,-matrix
composites [10,18], which suggests a significant strengthening
and toughening effect.

The Vickers hardness of (TiB, + TiC)/Ti3SiC, composites
with the indentation load of 9.8 N is plotted in Fig. 6. It
indicates that the hardness increases from 6.13 GPato 11.5 GPa
with TiB, volume content increasing from 5 vol.% to 20 vol.%.
It can also be identified that the increase of Vickers hardness of
the composites follows the linear relation

H, (GPa) = 4.085 +0.3794V 6)

TizSiC, has a low hardness of about 4.3 GPa, but TiC and TiB,
have a high hardness of about 27 GPa and 34 GPa, respectively.
The incorporation of TiC and TiB, could effectively improve
the Vickers hardness of the composites.

4. Discussion

Ashas been demonstrated in Fig. 4, the fractured surfaces of
(TiB, + TiC)/Ti3SiC, composites are rough and the fracture
mode consists of intergranular fracture mainly for TizSiC,
grains and transgranular fracture for TiB, and TiC grains. In
addition, pits and outcrops resulted from grain’s pull out were
observed.Owing to very close interatomic distance of close-
packed plane of atoms for TiB, (0.3028 nm) and TiC
(0.3055 nm), a coherent interface with strong binding energy
will form between TiB, and TiC grains in the composites,
which will result in transgranular fracture and increase fracture
energy. The strengthening effect of TiB, results from its high
hardness and high Young’s modulus (550 GPa), which will
lead to higher deformation resistance and residual stress
toughening. When a composite is cooled down from the
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Fig. 3. (a) TEM images of the material with 10 vol.% TiB,, (b) HRTEM image of interface structure for Ti;SiC, and TiC, (c¢) HRTEM image of interface structure for
TiB, and TiC, (d) energy-dispersive X-ray spectroscopy analysis of TizSiC, grains, () energy-dispersive X-ray spectroscopy analysis of TiB, grains, and (f) energy-

dispersive X-ray spectroscopy analysis of TiC grains.

fabrication temperature, thermal residual stress arises due to
the thermo-elastic mismatch between constituents [19]. The
CTEs of both TiB, and TiC are lower than that of Ti;SiC, (the
CTEs of Ti3SiC,, TiB, and TiC are 9.1 x 107%/K, 8.1 x 10°%
K and 7.4 x 10"%K, respectively), therefore the residual
stresses at the Ti3SiC,/TiB, and TizSiC,/TiC interfaces are in a

compressive stress [20], which can make the cracks be
deflected and propagate along the grain boundary as they meet
the particles TiB, or TiC. Therefore, the crack path becomes
zigzag and prolonged, consuming a lot of fracture energy. This
is also advantageous to the strength and toughness of the
composites.
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Fig. 4. SEM micrographs of fracture surfaces for the materials with different TiB, content.

Fig. 7 is the indentation morphology for the composite with
10 vol.% TiB, under the load of 9.8 N, which shows the typical
characteristic of indentations for ternary layered carbides, i.e.,
localized damage occurs in the neighborhood of indentation
and no crack propagation was found along the diagonal
direction of indentation. This phenomenon also suggests a high
resistance to damage and correspondingly high fracture
toughness for (TiB, + TiC)/Ti3SiC, composites.
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Fig. 5. Bending strength and fracture toughness of the materials (error bar:
standard deviation).

As has mentioned above, the toughening mechanism of
grain’s pull out is also applicable for the composites which will
also consume the energy applied by external environment
through overcoming the friction coming from the neighborhood
grains during the pulling out process. In addition, the
incorporation of TiB, and TiC reinforcing agents significantly
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Fig. 6. Vickers hardness of the materials with different TiB, content (error bar:
standard deviation).
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Fig. 7. SEM image of the indentation morphology for the material with
10 vol.% TiB, under the load of 9.8 N.

inhibits the grain-boundary migration of Ti3SiC,, resulting in a
fine-grained Ti3SiC, matrix. Hall-Petch equation [21]
describes the relation between the yield stress point and the
grain size.

8, =80 +kd/? @)

where 8, is the yield stress for a polycrystal, J; is the yield stress
for a single crystal or a polycrystal with an infinitely large grain
size, d is the average grain size, and k is the Hall-Petch
parameter. Therefore, the increase of TiB, content will induce
a grain refinement effect and improve the strength.

Fig. 8 shows magnified image of crack propagation path in
the composite with 10 vol.% TiB, under the load of 490 N. The
cracks show deflection, branching and bridging during
propagation. This feature consumed the propagation energy
and benefited for improving the fracture toughness. When TiB,
content exceeds 10 vol.%, it is assumed that agglomeration of

%5,800  1pm WD11mm

TiB, becomes serious in the composites, which eventually
results in a decrease in the toughness.

In short, the composite with 10 vol.% TiB, shows the
optimized fine microstructure, in which the synergistic action
of the strengthening and toughening mechanisms such as
particulate reinforcement, crack deflection, grain’s pull-out and
fine-grain toughening resulted in the excellent mechanical
properties.

5. Conclusions

(1) Highly dense (TiB; + TiC)/Ti3SiC, composite ceramics
with different TiB, volume contents were in situ fabricated
by hot-pressing at 1500 °C. Laminar Ti;SiC, grains,
columnar TiB, grains, equiaxed TiC grains and clean grain
boundaries were clearly observed. Increase of TiB, volume
content shows no influence on densification process of the
composites, but significantly inhibits the grain growth of
TizSiC, matrix.

(2) When the content of TiB, increases from 5 vol.% to
20 vol.%, both bending strength and fracture toughness of
the composites increase and then decrease. The maximum
of 700 MPa for bending strength and 9.35 MPam'? for
fracture toughness occurs at 10 vol.% TiB,. The Vickers
hardness increases linearly from 6 GPa to 11.5 GPa.

(3) The composite with 10 vol.% TiB, shows the optimized fine
microstructure and optimal mechanical properties. These
should be attributed to the synergistic action of the
strengthening and toughening mechanisms such as particu-
late reinforcement, crack deflection, grain’s pull-out and
fine-grain toughening, which caused by the columnar TiB,
grains and equiaxed TiC grains.
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