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Abstract

Nanocrystalline (Tig gZry »)C powder consisting in grains of about 200 nm in diameter obtained by mechanical alloying was sintered by a spark
plasma sintering (SPS) process without the addition of any binder phase. The microstructure, Vickers micro hardness and density in relation to the
sintering time and temperature are carefully described. The most suitable sintering condition under pressure of 50 MPa is 1650 °C for 5 min. In this
sintering condition, the hardness can reach 2760 Hv and the relative density can reach 98%.
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1. Introduction

Hard materials, such as TiC—Ni cermet, where Ni is a binder
phase, have long been used as cutting tools, dies and wear
resistant parts, owing to their high level of hardness and
excellent wear resistance as well as their retention of room
temperature hardness at elevated temperatures [1].

In our previous work [2], we synthesized a new compound
(Tig.gZry,)C which is a new hard material as we expected.
Practically, (TipgZrg,)C consists in replacing Ti by Zr
in TiC. The as-obtained solid solution crystallizes in the
fcc space group Fm-3m, and has the TiC type structure. The
cell parameter of (TipgZry,)C is a = 0.4332 nm. Considering
that (TiggZry,)C is isostructural with TiC, we assume that
the sinterability of (TipgZrg,)C may be similar to that of
TiC.
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The densification of conventional TiC powder usually
occurs in the liquid phase sintering through the addition of 20—
60 wt.% of metallic binder usually from Ni or Mo [1,3].

The binder phase facilitates the sintering to a full-density
bulk, and controls the bonding between TiC particles and
increases the toughness of the sintered bulk [4]. However,
addition of the binder phase not only decreases hardness and
corrosion/oxidation resistance of the materials but also causes
heat stress due to the difference between the thermal expansions
of TiC compared to that of the binder phase. Because of the
high-melting point of TiC, however, it is relatively difficult to
sinter pure TiC without any binder phase using a conventional
process in which the liquid phase is partly necessary during the
sintering process.

The spark plasma sintering (SPS) process has attracted
considerable attention because of its high pressure and rapid
sintering at a relatively low temperature in comparison with the
conventional sintering process. The use of the (SPS) process to
successfully consolidate carbide powders without a binder has
been demonstrated in several investigations [5]. Therefore, in
order to obtain the well sintered specimen with a high level of
hardness, we aimed to sinter ultrafine pure (TijgZry,)C with
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almost full densification using the SPS process without any
binder metal, which is expected to have excellent properties.
The microstructure, Vickers micro hardness and density are
carefully described.

2. Experimental
2.1. Synthesis of the powder

The mixture of elemental Ti (<40 wm, 99.9%, Prolabo),
carbon (99.9%, Fischer scientific) and zirconium (99.9%,
ACROS) is sealed into a stainless steel vial (45 ml in volume)
with 5 stainless steel balls (15 mm in diameter and 14 g in
mass) in a glove box filled with argon gas. The ball-to-powder
weight ratio was about 70 to 1. The mechanical alloying
procedure was performed at room temperature using a
planetary ball mill (Fritsch pulverisette 7) with milling
conditions corresponding to 7.41 x 1072 J/hit kinetic shock
energy, 70.1 Hz shock frequency and 5.19 W/g injected shock
power [6,7].

2.2. Consolidation of the powder

The consolidation process of nanometric (TiggZrg,)C
carbide was realized by a spark plasma sintering (SPS)-515S
SYNTEX apparatus. The power supply produces a pulsed DC
current, reaching 720 A at 3 V. The pulse pattern used in this
work was 12:2, i.e., 12 pulses on and 2 pulses off. Each pulse
has a duration of about 3.3 ms. Temperatures were measured by
a pyrometer focused on the surface of the graphite die. Sintering
was done in a vacuum of 19 Pa in a graphite die with an inside
diameter of 8 mm, an outside diameter of 45 mm and a height
of 36 mm. The densities of the consolidated samples were
measured by the Archimedes method using O-xylene as
measuring liquid (0.88 density at 25 °C).

2.3. Characterization techniques

XRD patterns of the synthesized powders were obtained
using a (6-26) Panalytical XPERT PRO MPD diffractometer
operating with CoKa radiation (A = 0.17890 nm). The existing
phases were determined using the ICDD PDF2 database. The
same XRD patterns were analyzed by the Fullprof program [8]
based on the Rietveld method [9] in order to determine the cell
parameters, the mean diffraction crystallite size (DCS) and the
weight content of each existing phase in the synthesized alloy.

Sintered samples were ground with a diamond wheel and
then carefully ground and polished. The morphology and the
average diameter of the initial (TipgZry,)C particles were
observed by using a JEOL-2011 transmission electron
microscope (TEM) operating at 200 kV. The microstructures
of fractured samples were observed by scanning electron
microscopy (SEM). Micro-hardness measurements were con-
ducted on the perpendicular plane to the pressing direction
using a Duramin 20 Vickers device with a test force of 1.916 N
during 10s.

3. Result and discussion
3.1. X-ray diffraction characterization

Fig. 1 shows the XRD pattern of the (TipgZrg,)C bulk
alloy obtained at 1650 °C and 50 MPa for 5 min. The peaks of
the (TipgZrg,)C phase still occur, confirming that the pure
phase does not undergo a decomposition process in this
condition. Zr is still dissolved in a Ti lattice after being
sintered, since no peaks of Zr and/or zirconium compounds
are observed in the XRD pattern. This suggested that the new
solid solution (TiggZry,)C has excellent thermal stability
even up to 1650 °C during spark plasma sintering. The
broadening of the diffraction lines of the consolidated
samples decrease in (Tig gZr( »)C in comparison with those of
the previous powder, which indicates an increase in the
crystallite size. Calculating the average crystallite size based
on the width of the 20 = 36.32° diffraction peak by Scherrer’s
formula results in values of 73 nm. Starting from a peak
intensity analysis, using the Match program [10], the as-
obtained material is practically constituted of a pure phase
(TiggZry,)C. The calculated lattice parameter based on the
X-ray data in Fig. 1 is a = 0.4335 nm which is slightly larger
than that of TiC (0.4327 nm) [11].

3.2. Densification behavior and microstructure

The sintering behavior of the (TiggZry,)C sample is
presented in Fig. 2(a) and (b). The theoretical density of
(Tig.Zr0»)C is 5.13 g cm 2. The variation of the density of the
samples sintered at different temperatures for 5 min and
50 MPa is shown in Fig. 2(a). The density of (TiggZry2)C
increased along with the increase in sintering temperature and
reached maximum value (98% of theoretical density) at
1650 °C. At higher temperatures, a diminution in density was
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Fig. 1. XRD patterns of as-elaborated (TipgZr,)C powder (a) and dense
samples (b).
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Fig. 2. (a) The relative density of various sintered samples vs. sintering
temperature for 5 min and (b) the relative density of various sintering time
at 1650 °C.

observed, which could be due to the inhomogeneous grain
growth, inducing strain and cracks in the sample microstruc-
tures [12]. Thus, the optimum sintering temperature was
estimated to be 1650 °C.

Fig. 2(b) shows the relative density of various samples
sintered at 1650 °C vs. sintering time. The density increased
with the increase in the holding time. As concerns the samples
sintered for 5 min, the relative density was over 98%. The
relative density of binderless (TiygZry,)C can reach 98.6%
after sintering at 1650 °C for 8 min.

The microstructure of the sample was observed by the SEM
and TEM. In fact, the TEM micrograph of the powder before
sintering roughly shows particles of spherical morphology with
a diameter ranging from 100 to 200 nm (Fig. 3a). The
difference between the particles’ diameter given by the TEM
and the crystallites’ size calculated from the X-ray pattern
suggests that the (TiggZry,)C particles are formed through an

ag

Fig. 3. TEM images from: (a) the initial (TiygZro,)C powder, (b) sintered
sample at 1650 °C and 50 MPa for 5 min.

aggregation growth process. As concerns the consolidated
samples (Fig. 3b), it can be clearly observed that the SPS
consolidation process induces no significant change in the
particles’ morphology, but an increase in the grains’ size could
be clearly noted. The grains’ diameter increased to about
700 nm which clearly indicates that the SPS process limits the
grain growth during sintering unlike the conventional sintering
process.

Fig. 4 shows SEM images of polished and fracture samples
consolidated at 1650 °C, 50 MPa and at different times. As
shown in Fig. 4a, a group of small pores were observed in
(Tig gZr(»)C carbide sintered at 1 min. When the sintering time
was 5 min, small pores are observed. In fact, the intergranular
pores coalesced to form closed pores. Particles of different sizes
agglomerate to form coarse grains, while heterogeneous
distribution of equiaxed grains still occurs. Fig. 4b and d
shows that the fracture mode is mostly transgranular.
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Fig. 4. SEM micrographs of (Tig gZr»)C powder sintered at different holding times; (a) and (b) at 1 min; (c) and (d) at 5 min. (a and c: polished surfaces) and (b and

d: fracture surfaces).

3.3. Mechanical properties

Fig. 5 shows the variation of hardness according to sintering
temperature. The hardness could be affected by both relative
density and grain size. Pores in ceramics have no resistance to
applied stress, so materials of higher porosity have lower
apparent hardness than dense materials. In addition to the
effects of porosity, the grain size also influences hardness.
Smaller grain size increases the frequency with which
dislocations encounter grain boundaries, thus requiring larger
stresses for deformation to occur [13]. In our study, part of the
increase in hardness observed when there is an increasing
relative density could be explained by the relative density
effect. Increasing the temperature from 1650 °C to 1800 °C, the
hardness decreased slightly from 2760 Hv to 2650 Hv caused
by the grain growth of (TipgZry,)C and the formation of
abnormally large grains, consistent with observations reported
by others [13,14]. Le Flem et al. [15] reported a lower hardness
value of 2200 Hv for TiC obtained by hot isostatic pressing. We
assume that this difference is due to the high relative density of
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Fig. 5. The Vickers hardness of various sintered samples vs. sintering temper-
ature.
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the material obtained after being consolidated by SPS in
optimum conditions in the cited work.

4. Conclusions

In this work, bulk binderless (TiggZry,)C carbides were
prepared by mechanical alloying and spark plasma sintering.
The sintered (TiggZry,)C carbides exhibit excellent physical
and mechanical properties. The conclusions of this study are as
follows:

- The sintering temperature rather than the sintering time,
appears as the most important factor governing the hardness,
density and microstructure of the sintered specimen.

- The optimized set of sintering parameters is a particle
diameter of 0.7 pm, a sintering temperature of 1650 °C and a
hold time of 5 min; the density of the product is 98% and the
Vickers micro-hardness of the material reaches 2760 Hv.

- The new solid solution (Tig gZr( ,)C has excellent mechanical
properties, although when 20% zirconium is dissolved in the
titane, the hardness of (Tiy gZry,)C (2760 Hv) is greater than
that of normal hard alloying TiC (2200 Hv). Considering the
high level of hardness, and the lower density, the as-obtained
solid solution is expected to replace the standard materials for
cutting tools, and wear-resistance parts and so on.

Based on these results, we conclude that the sintered
(Tig gZr(»)C carbides described herein, and the above method
of powder production have considerable potential for use in
structural applications.
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