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Spark plasma sintering is a promising technology particularly on the sintering of covalently bonded boride based ceramics.
In the present study, effects of sintering temperature, sintering pressure and pressure application mode were tried to be
determined for the spark plasma sintering of monolithic TiB, ceramics. The hardest compact (17.46 GPa) was obtained in the
experiment which was conducted at 1780 °C under a pressure of 50 MPa (applied when die reached to 1500 °C). The relative
density value of the sample was achieved as 79.44%. X-Ray diffraction spectrometry, scanning electron microscopy, Vickers
micro hardness and Archimedes density measurement techniques were mainly used for the characterization.
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Introduction TiB, powders under a pressure of 45 MPa at 1800 °C
for 60 minutes of soaking time [5]. Murthy et al.
TiB, is a transition metal boride with remarkable carried out a study on the tribological properties of hot
mechanical, physical and chemical properties such as pressed TiB, compacts in 2006 [6].
high strength, durability, high melting point, hardness A study which was conducted using (High Temperature-
and wear resistance [1]. Its extreme hardness arises High Pressure) Bridgman type apparatus was reported
from covalently bonded atomic structure and its crystal by Sulima et al. in 2007 in addition to the experiments
structure has been reported as hexagonal in space where hot press was used. In that study, 1500 °C + 50 °C
group P6/mmm [1, 2]. Impact resistant armors, cutting sintering temperature under a pressure of 7.2 + 0.2 GPa
tools, crucibles, wear resistant coatings and aluminum and 60 seconds of soaking time were chosen as the
electrolysis cathodes are between the most important optimum parameters to obtain TiB, ceramic compacts
application areas [1]. without cracks with 98% relative density and 10.6 GPa
Sintering of TiB, powders with high relative densities hardness. It was remarked that an increase in the
is a hard process due to its atomic bonds and its high sintering temperature caused crack formation although
melting point reaching up to 3250°C (for Kelvin density and hardness values increased [7].
conversion; °C +273.15=K) [3]. Several studies were The reported studies concerning the sintering of
conducted to explain the sintering behavior of TiB, monolithic TiB, ceramics using spark plasma sintering
ceramics through hot pressing techniques. Wang et al. (SPS) are very limited. Zhang et al. studied the effects
were investigated the effects of hot press and sintering of spark plasma sintering parameters on the sintered TiB,
parameters on the mechanical and microstructural ceramics. The starting powder grain size was ranging
properties of monolithic TiB, ceramics. Thus, they between 1-2 um. The experiments were conducted under
determined that short soaking time (60 minutes) and a sintering pressure of 50 MPa at temperatures between
high temperature (1800 °C) were the most suitable for 1200 °C and 1800 °C with a heating rate of 150 °C - min™
the sintering of TiB, powders having an average grain and under vacuum atmosphere. Thus, consolidated
size of 1.5 um [4]. In 2005, TiB, powders with various samples were obtained with a relative density of 97.6%
grain size values (D50; 1.59, 3.09, 5.51 um) were and the micro hardness was achieved to be
sintered using hot press technique by Koénigshofer et al. 29.6 £ 2.5 GPa for the experiment sintered at 1800 °C.
A powder activation process, which was conducted by Related sintering conditions were reported to provide
milling, prior to the sintering process was also applied the optimum combination of dense microstructure
for some powders. Relative density value of 99.9% was and excellent mechanical properties [8]. In 2013,
achieved from the experiment conducted with activated Mukhopadhyay et al. released the results of a com-
parative study containing the outputs of hot pressing
*Corresponding author: and SPS experiments of TiB,. That study suggests that
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Fig. 1. A sketch showing the SPS system.

despite of the short processing times and lower sintering
temperatures of SPS technique [9]. High oxidation
tendency of TiB; is the most important limitation for
the sintering of TiB, ceramics. Therefore sintering
processes are usually performed under vacuum or inert
gas atmosphere (e.g. Ar and He). A study indicating the
oxygen affinity of TiB, at lower temperature was
conducted in 2006. Monolithic TiB, based hot pressed
compacts were examined in a tube furnace at 850 °C
under air atmosphere for 64 hours of soaking time. The
formation of TiO, and glassy B,O; based phases were
observed using scanning electron microscopy (SEM)
and X-Ray diffraction (XRD) technique in an increas-
ing proportion with increasing time [10].

SPS is one of the newest approaches for the sintering
of ceramics and metallic powders. It provides an internal
heating by the formation of spark plasma, which is
generated from direct current electricity discharge,
between powders. Shorter sintering times at relatively
lower temperatures are the most important features of
the process. An SPS system is roughly the combination
of graphite die system, electrodes, pressure mechanism,
chamber to work under vacuum or gas atmosphere,
pyrometers, water cooling unit, DC generator and a
control unit [11, 12]. A schematic figure of the SPS
system can be seen in Figure 1.

Determination of the optimum SPS sintering par-
ameters of monolithic TiB, was the objective of the
present study. TiB, powders were sintered at various
temperatures under vacuum atmosphere with different
pressure values for this purpose. XRD, SEM, micro
hardness and Archimedes density measurement tech-
niques were applied to the sintered compacts for the
characterization.

Experimental Procedure

In this study, H. C. Starck-Grade D TiB, powders,
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Fig. 2. SEM micrograph of TiB, powders.

having a D50 particle size of 5.68 um, were used. The
content of the powder was determined by using
chemical analysis methods as 68.45% Ti, 0.05% Fe,
0.008% Mg, 0.16% C, 0.002% S, 0.80% O, 0.16% N
and 30.00% B. SEM micrograph of TiB, powders can
be seen in Figure 2. TiB, powders were mixed in
ethanol media for further homogenization. TiB,
containing ethanol suspension was dried and related
powders were granulated. Afterwards, TiB, powders
were loaded into a graphite die. The graphite die
system which has an inner diameter of 50 mm and
graphite sheet between powders-punches and inner
sides of die was employed. Moreover, the die was
covered with a carbon heat insulator blanket to
eliminate the heat loss. SPS Syntex (SPS-7.40MK-VII)
brand spark plasma sintering apparatus was used for
the sintering experiments. Detailed information con-
cerning the system can be found elsewhere [13]. DC
pulse sequence of the SPS was fixed to be 12 :2 (3.3 ms
each). The constant parameters of SPS stage were
chosen as heating rate of 150 °C - min™' and 5 minutes of
soaking time.

In the first set, TiB, powders were sintered at various
temperatures between 1600-1800 °C under vacuum
atmosphere and under 50 MPa pressure which was
applied before the beginning of heating stage.

In the second experimental set, 50 MPa sintering
pressure was applied after the die reached to 1500 °C
and maximum sintering temperature was achieved to
be 1780 °C. It was proposed that removing the glassy
boron film (formed around the grains) by sparks was
possible up to 1500 °C without applying pressure [10].
Furthermore, because of 20 °C lower sintering temperature
is that at 1800 °C sintering temperature melting started to
occur under these experimental conditions as it was
already experienced.

In the third experimental set, powders were sintered
between 1600 °C and 1780 °C under vacuum atmosphere
and under an initial sintering pressure of 70 MPa.

Obtained ceramic compacts were cut by using dia-
mond coated blade and polishing stage was performed
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to the samples which would be characterized using
XRD and SEM. XRD patterns were obtained by using
Rigaku Miniflex (Cu-Ka) XRD and SEM was used for
obtaining micrographs (JEOL JSM 6510LV for TiB,
powder, JEOL JSM 7000F for TiB, compacts).
Archimedes principle was used for obtaining density
values. Hardness tests were practiced by using the
Vickers indentation technique (Leica VH-MOT). Applied
load of 2000 g was chosen for the hardness tests.

Results and Discussion

Relative density values notably increased with the
increase in sintering temperature for all experiments.
The highest relative density value was obtained as
80.17% at sintering temperature of 1780 °C under the
initially applied pressure of 70 MPa (Figure 3, Table 1).
Also, the experimental set which 50 MPa initial pres-
sure applied had a remarkable relative density value as
80.05% at 1800 °C.

Hardness values indicated that hardness of the sintered
compacts increased with increasing temperature. The
hardest sample (17.46 GPa) was obtained in the experiment
under 50 MPa sintering pressure applied after 1500 °C at
1780 °C. 70 MPa pressure applied experimental set also
provided high hardness values (16.59 GPa at 1780 °C).
The relationship between hardness and sintering tem-
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Fig. 3. Relative density values of the sintered TiB, ceramics with
increasing sintering temperature.

Table 1. Relative density (d.;, %) and Vickers micro hardness
(HV, GPa) results of sintered TiB, ceramics.

Parameters T,°C 1600 1700 1780 1800
. du % 7588 7951 80.05
MPa Initial P
50 MPa Initia HV,GPa 561 625 11.54
0,
SO MPapolsggec % 7662 7898 7944

HV,GPa 598 6.00 1746
det, %0 783 7898 80.17

7T0MPalnitial Py ap) 1279 1489 16.59
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Fig. 4. Hardness values of the sintered TiB, ceramics with
increasing sintering temperature.
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Fig. 5. Average grain size values of the sintered TiB, ceramics
with increasing sintering temperature.

perature can be seen in Figure 4 and Table 1.

It is clear to see in Figure 5, higher sintering pressure
and the application of pressure after 1500 °C cause
formation of larger grain size on sintering as a result of
neck formation. The highest average grain size was
calculated as 11.96 um in the experiment conducted
under a pressure of 70 MPa.

Polished and fractured surface SEM micrographs of
the sintered samples were given in Figure 6. XRD
patterns of the samples which were sintered at the
highest temperatures of per experimental set are shown
in Figure 7. The XRD patterns indicate that there are
not any phase transformation and the formation of
another phases such as B,Os and TiO, during sintering
experiments. Toughness values could not be measured
due to the porous structure of SPS products as seen in
Figure 8.

Conclusions

In summary, sintering parameters of monolithic TiB,
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Fig. 6. SEM micrographs of polished (above) and fractured (below) TiB, samples (a: 50 MPa initial pressure at 1800 °C, b: 50 MPa pressure

applied after 1500 °C at 1780 °C, c¢: 70 MPa initial pressure at 1780 °C).
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Fig. 7. XRD patterns of sintered TiB, samples (a: 50 MPa initial
pressure at 1800 °C, b: 50 MPa pressure applied after 1500 °C at
1780 °C, c: 70 MPa initial pressure at 1780 °C).

ceramics which have a D50 particle size of 5.68 um
were investigated by using SPS. Effects of sintering
temperature between 1600 °C and 1800 °C, sintering
pressure of 50 MPa and 70 MPa and sintering pressure
mode as initial and after 1500 °C were among the
parameters to be investigated. The constant parameters
of SPS were heating rate of 150 °C - min™' and 5 minutes
of soaking time. The experiments were conducted
under vacuum atmosphere.

It was clearly observed that increase in sintering
pressure from 50 MPa to 70 MPa and the application of
sintering pressure after 1500°C (to prevent the
negative effects of the oxide films surrounding ceramic
grains) beneficially influenced the hardness values.
The highest hardness values were obtained in the
experiments as 17.46 GPa at 1780 °C under 50 MPa
pressure applied after 1500 °C and as 16.59 GPa at
1780 °C under initially applied pressure of 70 MPa.
Relative density values of the compacts which were
produced in these experiments were 79.44% and
80.17% respectively. Also the increase in the average
grain sizes of sintered samples was determined in
accordance with higher hardness and relative density
values due to the increase in diffusion between the
grains.
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Fig. 8. Micrographs of sintered TiB, ceramics after indented by Vickers hardness apparatus (a: 50 MPa initial pressure at 1800 °C, b: 50 MPa
pressure applied after 1500 °C at 1780 °C, c: 70 MPa initial pressure at 1780 °C).



468

W N

N

References

. R. G. Munro, J. Res. Natl. Inst. Stand. Technol. 105 (2000)
709-720.

. G. Will, J. Solid State Chem. 177 (2004) 628-631.

. R. Telle, L. S. Sigl and K. Takagi, in “Handbook of
Ceramic Hard Materials” (Wiley-VCH, 2000) p. 879.

. W. Wang, Z. Fu, H. Wang and R. Yuan, J. Eur. Ceram. Soc.
22 (2002) 1045-1049.

. R. Konigshofer, S. Fiirnsinn, P. Steinkellner, W. Lengauer,
R. Haas, K. Rabitsch and M. Scheerer, Int. J. Refract. Met.
Hard Mater. 23 (2005) 350-357.

.T. S. R. Ch. Murthy, B. Basu, A. Srivastava, R.
Balasubramaniam and A. K. Suri, J. Eur. Ceram. Soc. 26
(2006) 1293-1300.

Ahmet Turan, Filiz Cinar Sahin, Gultekin Goller and Onuralp Yucel

7.

8.

9.

10.

11.

12.

13

I. Sulima, P. Figiel, M. Susniak and M. Swiatek, Arch.
Mater. Sci. Eng. 21 [11] (2007) 687-690.

Z. H. Zhang, X. B. Shen, F. C. Wang, S. K. Lee and L.
Wang, Mater. Sci. Eng., A 527 (2010) 5947-5951.

A. Mukhopadyay, T. Venkateswaran and B. Basu, Scr.
Mater. 69 (2013) 159-164.

T. S. R. Ch. Murthy, R. Balasubramaniam, B. Basu, A. K.
Suri and M. N. Mungole, J. Eur. Ceram. Soc. 26 (2006)
187-192.

M. Tokita, J. Soc. Powder Tech. Jpn. 30 [11] (1993) 790-
804.

M. Omori, Mater. Sci. Eng., A 287 [2] (2000) 183-188.

.F. C. Sahin, B. Apak, I. Akin, H. E. Kanbur, D. H.

Genckan, A. Turan, G. Goller and O. Yucel, Solid State Sci.
14 (2012) 1660-1663.



