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Abstract

In this paper, a titanium diboride ceramic was produced by the hot pressing sintering method. The effects of hot pressing para-
meters on the TiB, ceramic microstructure and mechanical properties were studied. The bending strength and fracture toughness
were measured by three point bending testing and single edge notched bending tests (SENB), respectively. The microstructure fea-
tures of the TiB, sintered material were revealed by means of SEM and TEM. The results show that the TiB, grain size increases
quickly with the increasing temperature and time during hot pressing sintering. The density and the TiB, grain size have a great
influence on the mechanical properties. The bending strength decreases with increasing TiB, grain size, whilst the fracture toughness

increases. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

TiB, ceramics have excellent physical and chemical
properties such as high melting point, high hardness,
and good corrosion resistance; moreover, TiB, ceramics
have also an excellent electric conductivity. Such unique
properties give to TiB, materials a wide application area
such as advanced engineering ceramics (cutting tools,
wear-resistant parts, armour materials, and cathode
materials for Hall-Heroult cells).!-> However, up to now,
the applications of TiB, ceramics are rather limited due
to the difficulties that exist in producing fully dense
materials. In the fabrication of TiB, ceramics, the key
process is high temperature sintering. Literature?
showed that sintering densification of TiB, is very difficult.
One of the possible reasons is that TiB, is a compound
with both ionic bond and covalent bonds, which
demand very high sintering temperature for its densifi-
cation. TiB, has a low crystalline boundary diffusion
coefficient, which causes the slow densification speed
and long sintering time. Additionally, a thin, oxygen rich
layer (mainly TiO, and B,O3) that is on the surface of TiB,
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powder is found to be very detrimental to densification. In
the pressureless sintering processing, the sintering
temperature of TiB, is higher than 2200 °C and the
density of sintered materials is not more than 95% T.D
(theoretical density).> The hot pressing sintering processing
has been considered as an effective candidate sintering
processing for TiB, ceramics. The main features of hot
pressing sintering include lower sintering temperature,
high sintering speed, and a uniform microstructure of
sintered materials. Studies showed that hot pressing
increased the density of TiB, ceramics significantly.®

In this study, hot pressing sintering was used to produce
TiB, ceramics. Results about sintering processing features,
microstructure and mechanical properties are reported.

2. Experimental

The main experimental material is TiB, powder,
which was synthesized by the self-propagating high-
temperature synthesis (SHS) method.”® The average
particle size is about 1.5 um, and the chemical compo-
sition of TiB, powder is shown in Table 1.

In order to reduce the agglomerated TiB, powder to
single particles, TiB, starting powder was milled by the
wet-milling method for 2 h in a plastic bottle with agate
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Table 1
Chemical composition of TiB; starting powder materials

Experimental material ~Content of boride = Main impurity

TiB, >98% 0 (0.94%), N(0.077%),

Mg (0.113%)

balls and acetone as media. The resultant slurry was
dried in vacuum evaporator. The dried powder was
screened through 80-mesh screen. After that, TiB,
powder was put into a graphite die for hot pressing sin-
tering. Hot pressing sintering was conducted in a hot
pressing furnace with a flowing argon atmosphere, hot
pressing temperature: 1773-2173 K, applied pressure: 30
MPa, sintering time: 30—120 min.

Scanning electronic microscopy (SEM), transmission
electronic microscopy (TEM) and X-ray diffraction
were used to evaluate microstructure of sintered materials.
Density was inspected by Archimedes’ method. Image
analysis method was used to measure the grain size; the
specimens were polished and etched with a dilute solution
of hydrochloric and nitric acids (HCI-HNOj solution).
The average grain size is the average value of 500 TiB,
grains.

The hot pressed samples were cut into mechanical
property testing specimens by spark cutting method,
and the surface of the testing bar was polished using
polishing machinery with diamond slurries down to 1
pm. The edges of all testing bars were chamfered to
minimize the stress concentration induced by the
machining flaw. Bending strength was measured by the
three point bending test method (test specimen dimen-
sion, 3x4x35 mm, span, 25 mm, crosshead speed, 0.5
mm/min). Fracture toughness (Kjc) was evaluated by a
single edge-notched bending test (SENB), the dimension
of testing bar was 2x4x35 mm with a notch of 0.3 mm
width and 2 mm depth. At least seven specimens were
tested for each experimental condition. Hardness of the
TiB, ceramics was tested by means of Rocke hardness
tester (HRA), the applied load was 60 kg.

3. Results and discussion
3.1. Sintering processing features

Fig. 1 shows the relationship between sintering time
and relative density. Initially the density of sample
increases quickly with increasing of the sintering time
(initial few minutes), later on, the density increases
slowly. This indicates that the sintering mechanisms are
different at different sintering stages: plastic flow and
diffusion creep respectively are the main sintering
mechanisms at initial sintering stage and last sintering
stage, respectively.®
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Fig. 1. Influence of sintering time and temperature on relative density.

Hot pressing temperature has a remarkable influence
on the density of sintered sample (Fig. 1b): at low tem-
perature, density of sample is lower, with increasing of
sintering temperature, sample density increases quickly.
At 2173 K, the TiB, ceramics is nearly fully dense. This
result indicates that in order to prepare TiB, ceramics
with high density, the higher sintering temperature is
necessary.

3.2. Growth of TiB, grain and microstructure
characteristics

At high sintering temperatures, TiB, grains will grow
quickly and irregularly, and it is known that grains size
and shape of TiB, ceramics can have an important
influence on the mechanical properties.!® In order to
prevent the grain growing irregularly, the optimum hot
pressing parameters have to be chosen by experiments.

Fig. 2 shows the influence of sintering temperature
and time on the average grain size. When temperature
is lower than 1973 K, the grains grow slowly, when
sintering temperature is more than 2100 K, the grains
grow quickly. At 2173 K, the average TiB, grain size is
bigger than 12 um, and the biggest grain is more than 20
um. Fig. 3 shows the SEM photograph of the sample
sintered at 2173 K, many irregular TiB, grains can be
found.
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The sintering time is another important factor that
affects grain growth (Fig. 2). The TiB, grains increase
with increasing of sintering time during hot pressing
sintering processing, and at lower temperature, the grain
growth speed is slower than that at high temperature.
Low sintering temperature and short sintering time can
limit TiB, grain growth, but at this processing condi-
tion, the density of sample is very low. For example, at
1973 K, the average grain size is about 5 pm; the relative
density is only 95%. In hot pressing sintering processing,
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Fig. 2. Influence of sintering temperature and time on average grain
size of TiB, ceramics.

the grain growth mechanisms is diffusion moving of grain
boundaries, increasing of sintering temperature cause
increasing of diffusion coefficient, and also increase the
grain growth speed.

For single-phase ceramic materials, the following
equation can be used to describe the relation between
sintering time and average grain size!!

G=Gy+K 1" (1)

where, G is the average grain size, Gy is the initial grain
size, ¢ is sintering time and # is the growth coefficient.
Theoretically the n is about 0.5, but due to the fact that
impurity and pores on the grain boundary will impede
grain growth, the grain growth coefficient decreases. At
low sintering temperature, the more pores at the grain
boundary impede grain boundary moving and decreases
grain growth coefficient, grains grow slowly. At high
sintering temperature, density increases, pore decreases,
the impeded force of grain boundary moving decreases,
hence the grains grow quickly.

From the above experimental results and analysis, it
can be found that an increase of sintering temperature
and time can increase the sample density, but also
increase grain size. Producing TiB, materials with high
density and small grain size (fine-grain microstructure)
is very difficult. The key processing parameters are sin-
tering temperature and time. We believe that the quick
hot pressing sintering at high temperature is the best
sintering process for TiB, ceramics.

The typical microstructure of the TiB, ceramics hot
pressed at 2073 K for 60 min is shown in Fig. 4. It is
clear that the grain size is fine and uniform.

Fig. 5 shows the typical grain boundary structure and
dislocation inside the crystalline of TiB,. From Fig. 5a,
it can be seen that the grain boundary is clear, and no
second phase is found. In the sample prepared at a
higher temperature, many dislocations can be found (see
Fig. 5b), which can decrease mechanical properties of

Fig. 3. SEM photography of the TiB, ceramics sintered under 2173 K
for 60 min.

Fig. 4. Typical microstructure for TiB, ceramics sintered at tempera-
ture of 2073 K.
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Fig. 5. Typical grain boundary structure and dislocation inside crystalline of TiB,.

ceramic materials. The likely reasons induced the dis-
location are TiB, crystal grain deformation and quick
grain growth during hot pressing sintering. Controlling
sintering processing parameters can decrease the dis-
locations. In the sample prepared at a temperature of
2073 K (see Fig. 5a), there is almost no dislocation.

3.3. Mechanical properties

A three point bending test and a single edge-notched
bending test (SENB) were used to evaluate the
mechanical properties of TiB, ceramics; the results are
shown in Fig. 6 and Table 2. Rise in sintering temperature
can increase bending strength and fracture toughness
remarkably due to the densification increase. An
increase of sintering time leads to a decrease of bending
strength, however, the fracture toughness increases
continuously with an increase of sintering time.

In ceramic materials, microstructure, specially the
flaw structure, has obvious influence on the mechanical
property. Pore and micro-crack are the typical flaw
structures. Eq. (2) can be used to describe the relation-
ship between materials’ strength and porosity.

o = opexp(—ka) (2)

where, o is the materials strength, o is the strength of

materials without any defect, « is residual porosity. This

equation indicates that strength will increase with

decreasing of porosity, this agrees with our results.
Influence of grain size on the strength can be expressed

by Eq. (3),

o=oy+kd" 3)

where, o is mechanical strength, d: grain size, k and m:
experimental coefficients. This equation indicates that

the materials’ mechanical properties increase with
decreasing of grain size. In this paper, when sintering
temperature is over 2073 K, the density of samples is
almost constant. In this case, the materials’ strength will
be controlled by grain size. In hot pressing sintering,
longer time leads grains to grow quickly and irregularly
(see Section 3.2), which is one of the reasons causing
strength reduction, because this non-uniform grain
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Fig. 6. Influence of sintering parameters on mechanical properties.
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Table 2
Bending strength and fracture toughness

Producing parameters Bending strength Fracture toughness

o¢ Standard  Kjc Standard
(MPa) deviation (MPam!/?) deviation
(MPa) (MPam!/?)
Temperature (K)
1873 305 40.7 4.1 0.67
1973 498 34.5 4.3 0.59
2073 558 30.1 5.7 0.43
2173 521 45.8 6.2 1.12
Sintering time (min)
30 545 32.7 5.3 0.54
60 558 30.1 5.7 0.43
90 538 37.2 6.3 0.51
120 475 41.5 6.8 0.63

growth can induce micro-crack between crystal grains.

Experimental results show that fracture toughness
increases continuously with an increase of sintering
temperature and sintering time. Fracture toughness is a
property that materials resist to the propagating of
cracks. Increase of sintering temperature makes TiB,
ceramics more dense, porosity decreases, hence fracture
toughness increases. Longer sintering time leads to bigger
crystal grain with a pillar shape; this kind of micro-
structure can impede the crack propagating by the
mechanism of crack deflection, which absorbs much
energy of micro-crack expansion, fracture toughness
increases enormously.

From Table 2, it can be found that the standard
deviation of strength and fracture toughness increases at
high hot pressing temperature and long sintering time,
the possible reason is the uneven microstructure caused
by quick and abnormal grain growth.

4. Conclusion

From above experiment study and analysis, following
conclusions can be summarised:

1. Hot pressing sintering can improve density of TiB,
ceramic. At initial sintering stage, sintered density
increases quickly, at the last stage materials den-
sity increases slowly.

2. Sintering temperature and sintering time have
obvious influence on the grain growth of TiB,
ceramic. When sintering temperature is lower than

2073 K, grains grow slowly and uniformly. At
higher temperature, grains grow quickly and irre-
gularly. Long sintering times also lead to grain
bigger. Hence quick hot pressing sintering at high
temperature is the best sintering processing for
TiB, ceramic (short sintering time and high tem-
perature).

3. Sintering temperature and time have remarkable
influence on mechanical properties, at proper sin-
tering parameters, the bending strength, fracture
toughness and hardness reach respectively 558
MPa, 5.7 MPam'/? and 93 HRA.
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