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a b s t r a c t

The in situ toughened Ti–TiB ceramic–matrix composites containing high volume fraction of TiB were
synthesized by spark plasma sintering technique under a pressure of 50 MPa, with sintering temper-
ature ranging from 1100 ◦C to 1400 ◦C and heating rate of 150 ◦C/min, using Ti and TiB2 powders.
ccepted 28 April 2010
vailable online 5 May 2010

eywords:
eramic–matrix composites
icrostructure

Results indicated that Ti–TiB composites sintered at 1400 ◦C provided the optimal combination of dense
microstructure, well developed lath-shaped TiB grains, and excellent mechanical properties, includ-
ing the relative density of 99.6%, bending strength of 608 MPa, and a rather high fracture toughness of
9.35 MPa m1/2. Moreover, the micro-hardness of the composites reaches a relatively high level (18.3 GPa).
echanical properties
park plasma sintering

. Introduction

Spark plasma sintering (SPS), also known as the field-assisted
intering technique (FAST), is a comparatively novel sintering pro-
ess that allows the compacted powders to be sintered at low
emperatures, with short heating, holding, and cooling time com-
ared to that used in conventional sintering technique [1–3]. In SPS
rocess, raw powders in a graphite die are pressed uniaxially and a
igh-density pulsed direct current is applied, both the joule heat-

ng and the plastic deformation effects contribute to densification
f the powders. Therefore, rapid heating is available and the bulk
ompacts with fine grain microstructure can be obtained [4–9].
ence, SPS process is considered to be suitable for the fabrication of

he hard-to-sinter materials such as ceramics, metal–ceramic com-
osites, amorphous materials, nanocrystalline materials, and so on
10–13].

Titanium boride (TiB) and titanium diboride (TiB2) ceram-
cs exhibit an excellent combination of attractive physical and

echanical properties such as high hardness, low density, good
orrosion resistance, and excellent electric conductivity [14–17].
hese characteristic properties give these materials a wider appli-

ation area, including its use as cutting tools, wear proof parts,
lectrodes, and armor, etc. However, each of the monolithic ceramic
ossesses a low toughness, which limits their applications [18]. The
ost promising approach to toughening the ceramics is to obtain a
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ceramic–matrix composite by adding appropriate metallic materi-
als into the ceramics. Titanium should be the best toughener in the
titanium boride ceramics due to its high toughness, similar den-
sity and thermal expansion coefficient with boride ceramics, and
excellent interfacial bonding with TiB matrix [19,20].

Considerable research has been carried out on the Ti–TiB com-
posites with TiB up to about 30 vol%, using techniques such as
casting, vacuum arc remelting, powder metallurgy, combustion
synthesis, rapid solidification processing, and direct laser cladding
[20–27]. Limited data is available on the microstructures and
mechanical properties of the Ti–TiB composites with high volume
fraction of TiB [28,29]. Furthermore, fabrication of the Ti–TiB com-
posites containing high volume fraction of TiB by SPS technique
had not yet been reported. The primary goal of the present work is
to synthesize a new Ti–TiB ceramic–matrix composite containing
high volume fraction of TiB, using less expensive precursors such
as Ti and TiB2 powders by SPS, and to investigate the microstruc-
tures and the mechanical properties of the in situ synthesized Ti–TiB
composites.

2. Experimental procedures

2.1. Starting powders

The commercially available Ti powders (Mengtai Powder Business Department,
Beijing, China) and TiB2 powders (Ningxia Machinery Research Institute, Ningxia,

China) were used in this procedure. The average particle size of Ti and TiB2 powders
is 30 �m and 4.5 �m, respectively. The chemical compositions of the Ti and TiB2

powders are summarized in Tables 1 and 2, respectively. Mixtures of the composite
were prepared by milling 60 wt% Ti and 40 wt% TiB2 powders in a planetary mill for
5 h at the milling rotation speed of 300 rpm. The ethanol and agate balls were used as
a milling medium. The weight ratio of balls to powder was fixed to 10:1. The resultant
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Table 1
Chemical compositions of the Ti powders.

Elements �-Ti O N C Fe H

Content (wt%) /< 99.7 /> 0.08 /> 0.06 /> 0.04 /> 0.08 /> 0.04

Table 2
Chemical compositions of the TiB2 powders.
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Elements Ti B O N C Fe

Content (wt%) /< 68.5 /< 30.9 /> 0.35 /> 0.02 /> 0.12 /> 0.10

lurry was dried in vacuum evaporator. Fig. 1 presents the SEM observations of the
owder mixture.

.2. SPS process

SPS process was performed using a pressing die made of graphite (Sanye Carbon
roup, Beijing, China). The external and internal diameters of the die are 80 mm and
0 mm, respectively. DR.SINTER type SPS-3.20 equipment (Sojitz Machinery Cor-
oration, Tokyo, Japan) with pulse duration of 3.3 ms was used. The temperature
as measured by infrared thermometer. The applied initial and holding compres-

ive pressure levels were 1 MPa and 50 MPa, respectively. The selected sintering
emperatures were 1100 ◦C, 1200 ◦C, 1300 ◦C, and 1400 ◦C, with a heating rate of
50 ◦C/min. After soaking the powder at a desired temperature for 5 min, the applied
urrent was reduced, the pressure was released, and the specimen was cooled to
oom temperature in the furnace.

.3. Characterization tests

The diameter and height of the sintered compacts were about 40 mm and 10 mm,
espectively. To avoid any contamination from graphite die, a thin layer (0.5 mm) of
intered material was removed from the surfaces of the bulk compacts before they
ere subjected to microstructure or property characterization.

The characteristic curves describing the relation between displacements and
he sintering parameters were provided by the SPS output system. The bulk density
as measured by the Archimedes method. Microstructure of the sintered materi-

ls was evaluated by SEM (Hitachi S-4800, Hitachi, Japan). Micro-hardness of the
pecimens was tested by micro-hardness tester (LM700AT, LECO Corporation, St.
oseph, MI) under 4.9 N. An X-ray diffraction (XRD) analysis was performed to iden-
ify the reaction products on the polished samples using an X-ray diffractometer
X’Pert PRO MPD, PANalytical B.V., Netherlands), with Cu K� radiation. The samples
ere cut to various sizes for mechanical property tests with an electrical discharge

aw. The bending strength (�b) was evaluated by three-points bending method
sing an Instron instrument on 3 mm × 4 mm × 36 mm specimens, with a crosshead
peed of 0.5 mm/min. The tensile edges were beveled and the tensile surfaces were
olished with 1 �m diamond paste. Using the same Instron equipment, fracture

oughness (KIC) was studied by the single-edge notched beam (SENB) method on
otched 2 mm × 4 mm × 20 mm specimens, with a crosshead speed of 0.05 mm/min.
ix specimens were tested for each experimental condition.

Fig. 1. SEM observations of the powder mixture.
Fig. 2. XRD spectra of the Ti–TiB composites sintered at different temperatures.

3. Results and discussion

3.1. Reaction products

The reaction products of the sintered samples were first sub-
jected to XRD analysis to identify the reaction mechanisms. The
results are shown in Fig. 2. It is clear that the phases of the
specimens change with the increase of the sintering tempera-
tures, as observed from the diffraction peaks of Ti, TiB, TiB2, and
Ti3B4 indexed in the spectra. The diffraction peaks of Ti and TiB
are present in all these spectra and the diffraction peak of Ti3B4
appeared in the spectra for the composite sintered at 1300 ◦C and
1400 ◦C. No diffraction peak of TiB2 is observed in the XRD spec-
tra for the composite sintered at 1400 ◦C. Moreover, the diffraction
peaks of the constituent phases indexed in the spectra for the
composites have no obvious change with sintering temperature
rising from 1300 ◦C to 1400 ◦C, indicating that the chemical reac-
tions were mainly completed as the sintering temperature reaches
1300 ◦C. The XRD spectra for the composites also suggest that the
composite sintered at 1400 ◦C consist of Ti, TiB, and Ti3B4 phases. In
addition, the relative volume fractions of the composition phases
can be computed from the integrated intensities of the selected
peaks in the X-ray diffraction pattern by the direct comparison
method [30]. The results indicate that the volume fraction of TiB
in the composite sintered at 1400 ◦C was 0.58 and that for Ti and
Ti3B4 phases were 0.35 and 0.07, respectively.

The above mentioned results indicate that the chemical reac-
tions shown in Eqs. (1) and (2) took place during the SPS process:

Ti + TiB2 → 2TiB (1)

2TiB + TiB2 → Ti3B4 (2)

In the sintering process, as the sintering temperature reaches
1000 ◦C, the chemical reaction shown in Eq. (1) took place [29].
Thus, the diffraction peak of TiB is presented in the spectra for the
composite sintered at 1100 ◦C. With increasing sintering tempera-
ture, the volume fraction of TiB in the composites becomes more
and more, whereas the volume fraction of TiB2 and Ti in the com-
posites decreases. As the sintering temperature exceeds 1200 ◦C,
the reaction shown in Eq. (2) took place, leading the diffraction
peak of Ti3B4 appear in the spectra for the composite sintered at
1300 ◦C. Brodkin et al. had reported that TiB can react with TiB2 to

form the plate-like Ti3B4 according to Eq. (2) at the soaking tem-
perature of 1600 ◦C [31]. In SPS process, the local temperature in
reactants particles is higher than the average sintering tempera-
ture, thus the reaction between TiB and TiB2 had taken place as
the sintering temperature reaches 1300 ◦C. Therefore, small quan-



Z.-h. Zhang et al. / Journal of Alloys and

t
t

3

t
t
t
f
i
r
t
a

3

o
o

tion and form whisker shape [32–34]. Fig. 6 presents the fracture
Fig. 3. Influence of sintering temperature on relative density.

ity of Ti3B4 was formed in the reaction products at the sintering
emperature of 1300 ◦C and 1400 ◦C.

.2. Relative density

Fig. 3 presents the curves of sintering temperature versus rela-
ive density of the sintered Ti–TiB composites. The plots reveal that
he sintering temperature has remarkable influence on the rela-
ive density of the composites. With sintering temperature rising
rom 1100 ◦C to 1400 ◦C, the relative density of the bulk compact
ncreases from 82.5% to 99.6%, with much of the densification occur-
ing by the time the temperature reaches 1200 ◦C. As the sintering
emperature exceeds 1300 ◦C, the density continues to increase, but
t a slower rate.
.3. Microstructure characteristics

Fig. 4 exhibits the fracture surfaces of the Ti–TiB composites
btained at different sintering temperatures. Large pores can be
bserved on the fracture surface of the composites sintered at

Fig. 4. SEM images showing the fracture surface of the Ti–TiB composites sintere
Compounds 503 (2010) 145–150 147

1100 ◦C and 1200 ◦C, and the porosity of the composites decreases
with increasing sintering temperatures. Few pores can be detected
on the fracture surface of the composites sintered at 1400 ◦C. Corre-
spondingly, the relative density of the composites obtained at this
temperature reaches 99.6%.

Fig. 4c and d reveals that the isolated Ti phase uniformly
distributed in the in situ synthesized TiB matrix, and the uni-
formly distributed Ti phase on the fracture surface of the Ti–TiB
ceramic–matrix composites shows a fractograph with dimple and
quasi-cleavage, leading to an increase in fracture toughness of the
composites.

The fundamental building block of TiB is the trigonal prism with
the B atom at the center and the Ti atoms in corners. The orthorhom-
bic unit cell is formed by the transverse stacking of the trigonal
prisms in columnar arrays connected only at their edges (Fig. 5a).
This stacking leads to a zig-zag chain of B atoms along the [0 1 0]
direction with the atomic structure at the base as shown in Fig. 5b.
The crystal structure of TiB shows very high asymmetry, suggest-
ing that TiB will grow in anisotropy and form crystal with angular,
planar facets. The projects of TiB along [0 1 0] and [0 0 1] directions
are shown in Fig. 5c and d, respectively. They show that configu-
ration of boron and titanium atoms are different between (0 1 0)
and (0 0 1) planes. On the (0 1 0) and (0 0 1) planes, the atom ratio
between titanium and boron is 1:1. However, in the (1 0 0) plane,
boron atom and titanium atom occupy the sites alternating planes.
The growth normal to planes containing both Ti and B atoms in
the same stoichiometry as the crystal should be faster than the
growth along directions involving alternating planes of Ti and B
atoms. So the growth normal to plane (0 1 0) and (0 0 1) should be
faster than the growth normal to plane (1 0 0). Moreover, the stack-
ing period of atomic plane in [0 1 0] direction is shorter than that in
[0 0 1] direction. The growth along [0 1 0] direction should be faster
than [0 0 1] direction. So TiB is likely to grow along [0 1 0] direc-
surfaces of the Ti–TiB composites sintered at 1100 ◦C and 1200 ◦C
at high magnification, indicating that the in situ synthesized TiB
was lath-like shaped and uniformly distributed along the Ti phase
boundaries. Fig. 7 presents the fracture surfaces of the Ti–TiB com-

d at temperatures of: (a) 1100 ◦C, (b) 1200 ◦C, (c) 1300 ◦C, and (d) 1400 ◦C.
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Fig. 5. Crystal structure of TiB: (a) the stacking of the trigonal prisms with zig-zag B chain, (b) the close packing of the prism, (c) project along the [0 1 0] direction, and (d)
project along the [0 0 1] direction.
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Fig. 6. High magnification SEM images showing fracture surface of

osites sintered at 1300 ◦C and 1400 ◦C at high magnification. Since
he chemical reactions were mainly completed as the temperature
eaches 1300 ◦C, the TiB whiskers and the remaining Ti were then
esponsible for the further consolidation process. With increas-
ng sintering temperature, the resulting TiB whiskers grew and
onnected rapidly; making TiB whiskers coarsen and agglomerate
bviously.
.4. Mechanical properties

Fig. 8 presents the curves of sintering temperature versus
icro-hardness of the sintered Ti–TiB composites. The plots reveal

Fig. 7. High magnification SEM images showing fracture surface of the co
mposites sintered at temperatures of: (a) 1100 ◦C and (b) 1200 ◦C.

that the micro-hardness of the composites increases with ris-
ing sintering temperature. When sintered at 1400 ◦C, the average
micro-hardness of the composite reaches 18.3 GPa, which is close
to the hardness (19 GPa) of the monolithic TiB ceramic with full
density [35].

Fig. 9 shows the influence of sintering temperature on bend-
ing strength and fracture toughness of the Ti–TiB composites. With

rising sintering temperature, both the bending strength and the
fracture toughness increase. When sintered at 1100 ◦C, the bending
strength and the fracture toughness of the composite are 285 MPa,
6.71 MPa m1/2, respectively. By comparison, the composite sintered
at 1400 ◦C has the highest bending strength of 608 MPa and the

mposites sintered at temperatures of: (a) 1300 ◦C and (b) 1400 ◦C.
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Fig. 8. Micro-hardness of the composites sintered at different temperatures.

ighest fracture toughness of 9.35 MPa m1/2. In addition, both the
ending strength and the fracture toughness of the Ti–TiB com-
osite synthesized by SPS technique at sintering temperature of
400 ◦C are greater than that (360 MPa, 4.5 MPa m1/2, respectively)
f the monolithic TiB ceramic with full density.

The relative density and grain size have obvious influence on
he bending strength of ceramic materials. Usually, the bending
trength increases with increasing relative density and decreasing
rain size. For Ti–TiB ceramic–matrix composites synthesized by
PS process, the grain growth is prohibited effectively by reducing
intering temperature and sintering time due to the high heating
ate and the efficient heat transfer [36,37]. Therefore, the bend-
ng strength of the Ti–TiB ceramic–matrix composites is mainly
etermined by the relative density. Thus, rise in the sintering tem-
erature can increase the bending strength remarkably due to the

ncrease of the density.
Fracture toughness is a property that materials resist to the

ropagation of cracks. Increase of sintering temperature makes the
i–TiB ceramic–matrix composites more dense, porosity decreases,
ence the fracture toughness increases. Moreover, the fine and

ath-shaped grains lead to much more grain boundaries, which
an impede the propagation of cracks by the mechanism of crack
eflection with absorbing much energy of micro-crack expansion.
dditionally, the presented dimple and quasi-cleavage fracture of

he Ti grains, pull-out and the micro-fracture of lath-shaped TiB

rains on the fracture surface of the Ti–TiB composites also absorb
uch energy of micro-crack expansion. Thus, the fracture tough-

ess of the Ti–TiB ceramic–matrix composites synthesized by SPS
echnique is improved remarkably due to the dimple and quasi-

ig. 9. Bending strength and fracture toughness of the composites sintered at dif-
erent temperatures.
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cleavage fracture of Ti grains, crack deflection, pull-out and the
micro-fracture of lath-shaped TiB grains.

4. Conclusions

Bending strength, fracture toughness and hardness are the
most important mechanical properties of the ceramics and
ceramic–matrix composites for advanced engineering and mili-
tary applications. Unfortunately, these targets usually cannot be
satisfied simultaneously, especially hardness and fracture tough-
ness are often mutually exclusive; ceramics and ceramic–matrix
composites may be hard or tough but are rarely both. In the
present study, Ti–TiB ceramic–matrix composites were in situ
synthesized by SPS process with optimized sintering parame-
ters. Compared with the monolithic TiB and TiB2 ceramic, the
Ti–TiB composite synthesized by SPS process at sintering tem-
perature of 1400 ◦C have higher bending strength (608 MPa) and
fracture toughness (9.35 MPa m1/2). In addition, the hardness of the
composite maintains a fairly high level (18.3 GPa). Due to the excel-
lent comprehensive mechanical properties, the in situ synthesized
Ti–TiB ceramic–matrix composites by SPS technique constitutes
a wonderful choice for applications in high performance cutting
tools and abrasives, wear resistant parts, especially in all kinds of
armored vehicles.
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