
M
c

X
S

a

A
R
R
A
A

K
T
M
M
S

1

g
a
H
a
p
a
o
a
a
t
t
o
T
t
p
s
[
i
b
c

0
d

Journal of Alloys and Compounds 509 (2011) 7692– 7696

Contents lists available at ScienceDirect

Journal  of  Alloys  and  Compounds

j our na l ho me  p ag e: www.elsev ier .com/ locate / ja l l com

icrostructures  and  mechanical  properties  of  the  in  situ  TiB–Ti  metal–matrix
omposites  synthesized  by  spark  plasma  sintering  process

iangbo  Shen, Zhaohui  Zhang ∗,  Sai  Wei,  Fuchi  Wang,  Shukui  Lee
chool of Materials Science and Engineering, Beijing Institute of Technology, Beijing 100081, China

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 6 April 2011
eceived in revised form 5 May  2011
ccepted 5 May  2011
vailable online 12 May 2011

a  b  s  t  r  a  c  t

In  situ  synthesized  TiB  reinforced  titanium  matrix  composites  have  been  synthesized  by spark  plasma
sintering  (SPS)  process  at  950–1250 ◦C,  using  mixtures  of  15  wt%  TiB2 and  85  wt%  Ti powders.  The  effects  of
the sintering  temperature  on densification  behavior  and  mechanical  properties  of  the  TiB–Ti  composites
were  investigated.  The  results  indicated  that  with  rising  sintering  temperatures,  relative  densities  of
eywords:
iB–Ti composites
icrostructure
echanical properties

park plasma sintering

the  composites  increase  obviously,  while  the  in  situ  TiB  whiskers  grow  rapidly.  As  a result,  bending
strength  of the  TiB–Ti  composites  increases  slowly  at the  combined  actions  of  the  factors  referred  above.
Fracture  toughness  of  the  composites  is  improved  remarkably  due  to  the  large  volume  fraction  of  Ti
matrix,  the  crack  deflection,  pull-out  and  the micro-fracture  of  the needle-shaped  TiB  grains.  The  results
also suggested  that  TiB–Ti  composite  sintered  at 1250 ◦C  by  SPS  process  exhibits  the  highest  relative
density  of  99.6%  along  with  bending  strength  of  1161  MPa  and  fracture  toughness  of 13.5  MPa  m1/2.
. Introduction

Titanium alloys are widely used in aerospace, chemical, power
eneration and biomedical industries due to their low density
nd excellent mechanical strength at ambient temperature [1,2].
owever, conventional Ti alloys exhibit inferior wear resistance
nd suffer considerable loss in mechanical strength at high tem-
eratures. Such drawbacks limit their full potential structural
pplications in many industrial sectors. In situ ceramic particles
r whiskers reinforced titanium matrix composites (TMCs) offer

 combination of good mechanical properties and high temper-
ture durability such as high specific modulus, excellent high
emperature strength and good heat resistance [3–5], due to the
hermodynamically stabilization and good mechanical properties
f the reinforcements. In the past decades, SiC, TiC, Al2O3, and
iB have been used to produce TMCs by self-propagation high-
emperature synthesis (SHS) [6,7], mechanical alloying (MA) [8,9],
owder metallurgy (PM) [10–12],  combustion synthesis [13], rapid
olidification processing (RSP) [14,15], vacuum arc remelting (VAR)
16], etc. Among these reinforcements, TiB is outstanding due to
ts excellent thermodynamically stability and strong interfacial

onding with Ti matrix, as well as the similar thermal expansion
oefficient to Ti matrix.
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Spark plasma sintering (SPS) is a newly developed consolidation
process that enables the composite powder to be fully densified at
a comparatively low temperature and in very short time [17–21].
SPS method consists of three main mechanisms of action: (a) the
application of uniaxial pressure; (b) the application of pulsed volt-
age and (c) the resistance heating of graphite dies and sample.
Thus, the spark discharge, resistance heating, plastic deformation
and boundary cleaning effects all contribute to densification of
the powders [22–28].  Therefore, rapid heating is available and the
bulk compact with fine grain microstructure can be obtained. The
SPS process has been developed for fabricating metals, ceramics,
composites, intermetallic compounds, functionally graded mate-
rials (FGM) and nanocrystalline materials, which are difficult in
sintering by common methods [27,28].  In this study, in situ synthe-
sized TiB reinforced titanium matrix composites were fabricated by
SPS method, using mixtures of 15 wt% TiB2 and 85 wt% Ti powder.
The microstructures and mechanical properties of the composites
sintered at different temperatures were investigated.

2. Experimental procedures

2.1. Starting powders

Commercially available Ti powders (99.8% pure, Mengtai Powder Business
Department, Beijing, China) and TiB2 powders (99.6% pure, Ningxia Machinery

Research Institute, Ningxia, China) were used as raw materials. The average par-
ticle size of Ti and TiB2 powders is about 30 �m and 4.5 �m,  respectively. TiB was
in situ synthesized by chemical reaction of Ti with TiB2 during the SPS process. Mix-
tures of the composite was prepared by milling 15 wt%  TiB2 and 85 wt% Ti powders
in  a planetary mill for 2 h at milling rotation speed of 300 rpm, using ethanol and
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Fig. 1. XRD spectra of the TiB–Ti composites sintered at different temperatures.

gate balls as a milling medium. The weight ratio of balls to powder was  fixed to
:1. The resultant slurry was  dried in vacuum evaporator.

.2. Sintering parameters

DR.SINTER type SPS-3.20 equipment (Sojitz Machinery Corporation, Tokyo,
apan) with pulse duration of 3.3 ms  and a current on–off ratio of 12:2 was  used
n  this procedure. The mixtures were sintered in a 0.5 Pa vacuum chamber, using a
ylindrical graphite die (Sanye Carbon Group, Beijing, China). The external diameter,
nternal diameter and height of the die are 90 mm,  40 mm and 80 mm,  respectively.

 graphite felt was  used as thermal insulation. The temperature was  examined by
he  infrared thermometer. The specimen was  sintered at temperatures of 950 ◦C,
050 ◦C, 1150 ◦C, and 1250 ◦C, with a heating rate of 100 ◦C/min and holding time of

 min. Applied initial and holding compressive pressure level was 1 MPa  and 50 MPa,
espectively.

.3. Characterization tests

The phase identification was evaluated by X-ray diffraction (XRD) analysis
X’  Pert PRO MPD, PANalytical B.V., Netherlands) using Cu K� radiation. The
olished specimens were etched with a solution of 5 ml HF, 10 ml  HNO3 and
5  ml  H2O. Microstructure investigation of the as-sintered composites was  car-
ied out by scanning electron microscope (SEM, Hitachi S-4800N, Hitachi, Japan).
ickers hardness of the specimen was tested by the LM700AT micro hardness

ester provided by LECO Corporation. Bending strength (�b) was evaluated by
hree-points bending method using an Instron instrument, the dimension of the
pecimen was  3 mm × 4 mm × 22 mm with a span of 15 mm.  The tensile edges were
eveled and the tensile surfaces were polished with 1 �m diamond paste. Fracture
oughness (KIC) was  evaluated by a single-edge notched beam (SENB) method on

 mm × 4 mm × 15 mm specimens, with a notch of 0.2 mm width and 2 mm depth.
t  least six specimens were tested for each experimental condition.

. Results and discussion

.1. Reaction products

The chemical reaction between Ti and TiB2 can proceed as fol-
ows:

i + TiB2 = 2TiB (1)

As mentioned above, TiB phase is thermodynamically more sta-
le than TiB2 phase when excess moles of titanium exist. Therefore,
iB2 phase is transformed into TiB phase during the fabrication
rocess.

Fig. 1 shows the X-ray diffraction patterns of the compos-
tes sintered at different temperatures. Clearly, the phases of the

pecimens change with increase of the sintering temperatures, as
bserved from the diffraction peaks of Ti, TiB, and TiB2 indexed
n the spectra. The diffraction peaks of Ti and TiB are present in
ll these spectra for the composites. No diffraction peak of TiB2 is
Fig. 2. Influence of sintering temperature on relative density.

observed in the XRD spectra for the composite sintered at 1150 ◦C,
indicating that the chemical reaction shown in Eq. (1) were com-
pleted at this sintering temperature and the TiB–Ti composite
sintered above1150 ◦C by SPS process consist of Ti and TiB phases.
For the composites sintered at 1250 ◦C, the intensity of the diffrac-
tion peaks of Ti has no obvious change, but that for TiB increase
obviously. Since the compositions of the materials are same, the
results referred above suggest that the in situ TiB grains have grown
up at this sintering temperature.

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
[29,30].  The results indicate that the volume fraction of TiB in
the composite sintered at 1250 ◦C was  about 26%, which is cor-
responding to the theoretical ingredient of the TiB–Ti composite
synthesized from the mixtures of 15 wt%  TiB2 and 85 wt% Ti pow-
ders.

3.2. Relative density

Fig. 2 presents the curve of sintering temperature versus rel-
ative density of the sintered TiB–Ti composites. The plot shows a
nearly linear increase of the relative density with sintering temper-
ature, revealing that the sintering temperature has a remarkable
influence on the relative density of the sintered specimens. How-
ever, increasing rate of the relative density is small. With sintering
temperature rising from 950 ◦C to 1250 ◦C, the relative density of
the bulk compact increases from 93.6% to 99.6%. Nearly fully dense
TiB–Ti composite was obtained by SPS at sintering temperature of
1250 ◦C.

3.3. Microstructure characteristics

TiB has a B27 crystal structure characterized by zig-zag chains
of boron atoms parallel to the [0 1 0] direction, which each B atom
lying at the center of a trigonal prism of six Ti atoms. Then TiB should
exhibit much faster growth along [0 1 0] direction and develop a
needle-shaped or rod-like morphology [30,31]. Fig. 3 presents the
scanning electron micrographs of a polished and etched surface of
the TiB–Ti composites synthesized by SPS process at different sin-
tering temperatures. The images show a relatively homogeneous
distribution of reinforcements. The in situ synthesized TiB exhibit

needle and rod shape with a high aspect ratio and is uniformly dis-
tributed in the Ti matrix. With increasing sintering temperature,
more and more TiB whiskers was  synthesized through the chemical
reaction shown in Eq. (1),  then the resulting TiB grew and con-
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Fig. 3. SEM images of the TiB–Ti composites sintered at te

ected rapidly, making the needle-shaped or rod-like TiB whiskers
oarsen and agglomerate obviously. Fig. 3 also indicates that most
f the in situ synthesized TiB form along Ti grain boundaries and
he final size of TiB reinforcements are determined by sintering
emperature. Some TiB needles grow into inner of phases from
oundaries, which are smaller in size and less in amount, while
thers grow along the phase boundaries. The diameter of in situ
iB is 0.2 �m when sintered at 950 ◦C and 2 �m when sintered at
250 ◦C.

Fig. 4 exhibits the fracture surfaces of the TiB–Ti composites
intered at different temperatures. Large pores can be observed on
racture surface of the composites sintered at 950 ◦C and 1050 ◦C,
nd the porosity of the composites decreases with increasing sin-
ering temperatures. Especially, some unreacted TiB2 particles are
etected on the fracture surface of the composites sintered at
50 ◦C, indicating that the chemical reaction between Ti and TiB2
as not completed at this sintering temperature during SPS pro-

ess. Few pores can be detected on the fracture surface of the
omposites sintered at 1250 ◦C, suggesting that the TiB–Ti com-
osite sintered at this temperature by SPS process is nearly fully
ense.

Fig. 5 presents the typical fracture surface of the TiB–Ti com-
osite sintered at 1250 ◦C at high magnification. Hybrid-fracture
haracteristic appear in the fracture. Pull-out and cleavage frac-
ure take place in the grains of TiB, and the quasi-cleavage fracture
ppears in the Ti matrix. The special fracture behavior contributes
o improve the mechanical properties of the TiB–Ti composites.
.4. Mechanical properties

Fig. 6 shows the influence of the sintering temperature on micro-
ardness of the in situ synthesized TiB–Ti composites. Obviously,
ature: (a) 950 ◦C, (b) 1050 ◦C, (c) 1150 ◦C and (d) 1250 ◦C.

the micro-hardness distributes in 2 regions: one region has the
higher hardness, from 4.4 GPa to 6.6 GPa, with ranging the sintering
temperature from 950 ◦C to 1250 ◦C. While the other has the lower
hardness, from 4.1 GPa to 4.7 GPa. The distribution of the micro-
hardness indicates that microstructures of the composites at least
have 2 phases with different micro-hardness. The same results can
be obtained by the XRD analysis on the TiB–Ti composites sintered
at different temperatures as shown in Fig. 1. Fig. 7 exhibits SEM
images of the TiB–Ti composite sintered at 1250 ◦C at low mag-
nification, clearly indicating the composite consist of two phases
with different morphology, the needle-shaped TiB whiskers and Ti
matrix.

The Vickers hardness of the composites was examined by the
micro-hardness tester, and the size of the indentation is about
10 �m. However, the diameter of the TiB grains in the TiB–Ti
composites synthesized by SPS technique is much less than the
indentation size. Therefore, the indentation areas should include
both the TiB grains and Ti matrix, and then the Ti matrix bears part
of the load. As a result, the tested micro-hardness of the TiB phase
in the TiB–Ti composites is much lower than that for the monolithic
TiB ceramic [32].

Fig. 6 also indicates that both the micro-hardness of the two
phases in TiB–Ti composites and the micro-hardness difference
between the two  phases increase with rising sintering temperature.
In SPS process, it is generally accepted that the number and the vol-
ume  of the micro-pores in the composites decrease with increasing
sintering temperature, thus the micro-hardness of the two  phases
in TiB–Ti composites increases. In addition, the needle-shaped TiB

whiskers grow rapidly with rising sintering temperature, causing
the volume fraction of the TiB phase in the indentation area increase
rapidly. As a result, the micro-hardness difference between the two
phases in the TiB–Ti composites increases.
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increase with rising sintering temperature due to an increase in
relative density. There is no doubt that the high fracture toughness
Fig. 4. Fracture surface of the TiB–Ti composites sintered at

Fig. 8 shows the influence of sintering temperature on bend-
ng strength and fracture toughness of the TiB–Ti composites.
bviously, both the bending strength and the fracture toughness
f the TiB–Ti composites increase with rising sintering tempera-
ures. As the sintering temperature increase from 950 ◦C to 1250 ◦C,
ending strength of the composites increase from 1012 MPa  to
160 MPa, and the fracture toughness increases from 7.8 MPa  m1/2

o 13.5 MPa  m1/2.
Both the grain size of the reinforcement and the relative density
f the compacts have remarkable influence on bending strength of

ig. 5. Fracture surface of the TiB–Ti composite sintered at 1250 ◦C at high
agnification.
erature: (a) 950 ◦C, (b) 1050 ◦C, (c) 1150 ◦C and (d) 1250 ◦C.

the metal–matrix composites. With rising sintering temperature,
the relative density of the TiB–Ti composites synthesized by SPS
process increases obviously, resulting in an increase in strength.
However, TiB whiskers grow rapidly, leading to a decrease in bend-
ing strength due to the grain size effect. Finally, bending strength
of the TiB–Ti composites increases slowly at the combined action
of the two  factors. Fracture toughness of the TiB–Ti composite
of TiB–Ti composite sintered at 1250 ◦C by SPS process is mainly

Fig. 6. Micro-hardness of the TiB–Ti composites sintered at different sintering
temperatures.
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Fig. 7. SEM images of the TiB–Ti composite sintered at temperature of 1250 ◦C at
low magnification, indicating the composite consist of two phases.
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esulted from the Ti matrix (about 74% in volume fraction). More-
ver, the fine and needle-shaped TiB whiskers lead to much more
rain boundaries, which can impede the propagation of cracks by
he mechanism of crack deflection with absorbing much energy
f micro-crack expansion. Additionally, pull-out and the micro-
racture of needle-shaped TiB whiskers on the fracture surface of
he TiB–Ti composites also absorb much energy of micro-crack
xpansion. Thus, fracture toughness of the TiB–Ti metal–matrix
omposites synthesized by SPS process is improved remarkably.

. Conclusions

The in situ synthesized TiB reinforced titanium matrix com-
osites were synthesized by SPS process. The effect of sintering

emperature on densification behavior and mechanical properties
micro-hardness, bending strength and fracture toughness) of the
iB–Ti composites were investigated. The results indicated that
he TiB–Ti composite sintered at 1250 ◦C had the highest relative

[

[
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density of 99.6% along with bending strength of 1161 MPa  and
fracture toughness of 13.5 MPa  m1/2. In addition, with rising sin-
tering temperature, the in situ synthesized TiB whiskers in the
TiB–Ti metal–matrix composites prepared by SPS process grow
rapidly, while the relative density of the composites increases
obviously. Bending strength of the TiB–Ti composites increases
slowly at the combined action of the two factors referred above.
The fracture toughness of the composites is improved remarkably
due to the large volume fraction of Ti matrix, the crack deflec-
tion, pull-out and the micro-fracture of the needle-shaped TiB
grains.
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