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Abstract

Engineering borides like TiB, and ZrB, are difficult to sinter materials due to strong covalent bonding, low self-diffusion coefficient and the
presence of oxide layer on the powder particles. The present investigation reports the processing of hard, tough and electrically conductive
transition metal borides (TiB, and ZrB,) based cermets sintered with 6 wt.% Cu using spark plasma sintering (SPS) route. SPS experiments
were carried out with a heating rate of 500 K/min in the temperature range of 1200—-1500°C for a varying holding time of 10—15 min and
the optimization of the SPS conditions is established. A maximum density of ~95% py, in ZrB,/Cu and ~99% py, in TiB,/Cu is obtained
after SPS processing at 1500 °C for 15 min. While the optimized TiB,/Cu cermet exhibits hardness and fracture toughness of ~17 GPa
and ~11 MPam!?, respectively, the optimized ZrB,/Cu cermet has higher hardness of ~19 GPa and fracture toughness of ~7.5 MPam!?2,

respectively. High electrical conductivity of ~0.20MQ~' cm™! (TiB,/Cu) and ~0.15MQ~" cm™! (ZrB,/Cu) are also measured with the

optimally sintered cermets.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Transition metal borides, an important class of advanced
structural ceramic materials, are candidate materials for
various applications, i.e. armor materials, aluminum evap-
oration boat, cathode material for hall-heroult cell, cutting
tool, electro discharge machining (EDM) electrode, wear
parts, high temperature applications, electrical devices, in
rockets nozzles, in foundry or refractory applications, etc.'™
This is due to the fact that the borides like TiB, and ZrB,
are characterized by high melting point (>3000°C), high
hardness (TiB;: ~25-32 GPa, ZrB,: ~22-25 GPa), elastic
modulus (TiBy: 510-575 GPa, ZrB;: 440-460 GPa), wear
resistance, good oxidation resistance, excellent thermal and
electrical properties. Although having excellent properties,
the borides have low to moderate fracture toughness
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(4-5 MPam'’?), primarily because of the inherent bonding
nature. Furthermore, low self-diffusion coefficient and the
presence of oxide layers (B»O3 and TiO, on TiB, particles,
B;03 on ZrB; particles) poses additional difficulties in
the sintering of these TiB, and ZrB, transition borides.!™
Therefore, major research largely focused on using various
sintering additives/binders to attain maximum densification
and to improve the toughness of borides.

As far as the densification is concerned, considerable
research activity is directed towards optimizing (a) process-
ing parameters and (b) proper amount binder addition (metal-
lic or ceramic binders). Hot pressing as well as dynamic
compaction (DC) is reported to be quite effective in achieving
maximum densification at lower temperature in the range of
1800 °C, while conventional pressureless sintering requires
high temperature of ~2000 °C to obtain better densification,
which is typically attained in the presence of binders.%’
Sintering additives play a major role in triggering sintering
kinetics and thus helps in achieving maximum densification.
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Moreover, some sintering aids also improve specific proper-
ties, i.e. toughness, oxidation resistance, electrical properties,
in addition to obtain better densification. Various metallic
binders, investigated widely, are Ni, Cr, Fe, etc.%” Cemented
borides with a metallic binder have recently been developed
in the TiB,-Fe system. TiB,-based cermets typically contain
TiB; as a major phase, bonded with metallic phase (Co/Ni).8
These materials are expected to be a novel lower density sub-
stitute for the WC/Co system. In recent times, MoSi, has also
been used as sinter-additives in developing TiB,-based high
temperature materials. Both the hot processing as well as SPS
processing parameters to obtain dense TiB,—MoSi, ceramic
composites are optimized and reported elsewhere.”!?

Another serious problem with high temperature sinter-
ing of ceramics like TiB, and ZrB5 is the exaggerated grain
growth, which in turn leads to the formation of micorcraks
due to thermal anisotropy during cooling.> This leads to the
degradation in mechanical properties (strength, hardness). To
this end, faster sintering techniques like SPS can produce
dense borides while restricting the grain growth and thereby
enhancing mechanical properties, like hardness. The spark
plasma sintering (SPS), a variant of activated sintering, is
characterized by the application of electric current in addi-
tion to applied pressure. SPS process is reported to trigger
superfast densification of nanomaterials without considerable
grain growth.!0-13 In the present investigation, the densifica-
tion study on the TiB; and ZrB, is conducted with the use of
the metallic binder addition (Cu) in SPS route. The aim of the
present investigation is to illustrate the influence of Cu binder
on the densification behavior of two different borides in an
electric field assisted sintering process. The optimization of
SPS temperature to obtain maximum densification and bet-
ter mechanical and electrical properties in TiB; and ZrB, is
reported in the current work.

2. Experimental procedure
2.1. Starting powders and densification

Commercial TiB, and ZrB, were used as the major
bulk phase in our composites. Both the boride powders
are procured from Aldrich, USA and have average particle
size <5 pum. The commercially available high purity copper
(<5 pm, Aldrich, Korea) is used as a sintering aid for both
TiB; and ZrB,. During the preparation of cermets, TiB;:Cu
and ZrB;:Cu in the weight ratio of 94:6 was mixed in a mixer
for 24h in 11 of toluene in a polyethylene bottle. To break
the agglomerates and to ensure better dispersion, WC balls
were used during the mixing process, followed by drying in
the oven.

The dried premixed powders are placed inside the graphite
mold, ensured with proper insulation around the inside wall
of the graphite mold (10 mm internal diameter) using thin
graphite sheet to avoid contamination during sintering. The
graphite punches are inserted into the mold and the graphite

mold is placed between the graphite electrodes of SPS cham-
ber. The SPS chamber is closed firmly and high vacuum of
70 mtorr is maintained throughout the experiment. During
SPS experiments, DC current of 1-1.5kA, DC voltage of
5-10V and pulse frequency of 30-40kHz are applied and
variation in this range depends on the final holding tempera-
ture. The experiments are carried out in the temperature range
of 1200-1500 °C with a heating rate of 500 K/min with the
varying holding period of 10 and 15 min. A constant pres-
sure of 40 MPa is maintained during the heating and holding
period. The current flow is stopped and pressure is released
as soon as the holding at sintering temperature is over. The
final thickness of the sintered discs was about 2—3 mm.

2.2. Characterization

After complete removal of protective graphite insulating
layer around the specimen, the density of spark plasma
synthesized samples was measured in water following
Archimedes principle. The theoretical densities of the cor-
responding composites were calculated by rule of mixture,
taking density of TiB,, ZrB; and Cu as 4.52, 6.06 and
8.9 gcm™3, respectively. Further, phase identification was
performed using X-ray diffraction using Cu Ka radiation
(Rich-Seifert, 2000 D). The Vickers indentation is carried
out on smoothly polished surface to measure hardness and
toughness at indent load of 10kg with a dwelling time of
15 s on a universal hardness tester. The fracture toughness is
evaluated by measuring crack length measurement (2c) of the
radial crack pattern formed around Vickers indents, adopting
formulation proposed by Anstis et al.'* The reported values
are the average of five indentation tests. Detailed Microstruc-
tural investigation of the polished and fractured composites
was performed using Scanning Electron Microscopy (FEI
QUANTA SEM, Philips). Elemental compositional analysis
of different phases are examined using EDS analysis and
X-ray mapping on SEM. Room temperature electrical
resistivity (dc) was measured by standard four probe method
at room temperature with appropriate silver epoxy-coating
on the flat materials, followed by hardening at 150 °C.

3. Results and discussion
3.1. Densification

At the first stage of the present work, the SPS experiments
were carried out on TiB,/Cu system and the SPS parameters
were optimized. In the later experiments with ZrB,/Cu, the
SPS parameters were selected based on our experience in
densifying TiB,/Cu materials. The densification data of the
TiB2—6 wt.% Cu and ZrB,—6 wt.% Cu cermets, Spark Plasma
Sintered at various sintering temperature (1200-1500°C)
and various holding period (10 and 15min) is presented
in Fig. 1. Fig. la reveals the densification behavior of the
TiB,—6 wt.% Cu composites, indicating that the developed
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Fig. 1. Plotofrelative density vs. SPS temperature spark plasma synthesized
TiB,—6 wt.% Cu (a) and ZrB,—6 wt.% Cu (b) cermets for various holding
time at peak sintering temperature.

TiB,-based cermet with maximum density of ~99% pn
could be obtained after SPS processing at 1500 °C for a hold-
ing period of 15 min. Initially, the sintering was carried out
for TiB,/Cu cermets for the short holding period of 10 min
for varying sintering temperature (1200-1500°C) and the
sintered density of more than 90% py, was obtained only
after SPS processing at 1500 °C. In general, the densification
behavior exhibits a gradual increase in sintered density with
increasing sintering temperature form 1200 to 1500 °C.
Subsequently, the densification experiments were conducted
with little longer holding period of 15min at the sintering
temperature of 1400 and 1500 °C in order to achieve higher
densification. There is a considerable densification improve-
ment with increasing the holding period from 10 to 15 min at
1500 °C. The difference in sintered density with holding time
is however not significant at SPS temperature of 1400 °C.
In the light of the observed trend in densification of
TiB,/Cu cermet, the subsequent SPS experiments to obtain
dense ZrB,/Cu cermets were carried out for 15 min at varying

temperatures between 1200 and 1500 °C. Fig. 1b shows the
densification trend exhibited by ZrB,—6wt.% Cu cermet.
The maximum densification of ~95% py, is obtained, when
SPSed at 1500 °C. Moreover, to ensure whether similarly
high densification at shorter holding period of 10 min is fea-
sible for the ZrB,-based cermet, additional experiments were
conducted at 1500 °C. The results reveals that both borides
(TiB, and ZrB,) with lower amount (6 wt.%) of sintering
additives (Cu) exhibits maximum densification at sintering
temperature of 1500 °C for a holding period of 15 min. When
comparing the densification behavior of both the cermets, the
TiB,/Cu-based cermet exhibits almost theoretical density of
~99% pwn, when compared to ZrB,/Cu cermet (~95% pw)
densified under identical SPS conditions (1500 °C, 15 min).

Our recent work showed that ~98% p, can be obtained
in monolithic TiB, after hot pressing at 1800°C for 1h.?
As far as the processing of monolithic borides is concerned,
TiB; is densified to 96.8% py, after hot pressing at 1850 °C
for 1 h.27 However, much less sintered density of 87% py, is
obtained for monolithic ZrB; after hot pressing at 1900 °C
for 0.5h.3? Hence, the present experimental results clearly
indicate that both Cu addition as well as SPS processing
enables to achieve faster densification at 1500 °C for 15 min
with a heating rate of 500 K/min. To this end, it can also be
mentioned that our previous investigation on the TiB,-based
material with ceramic binder (MoSi;) addition, sintered via
SPS route, revealed maximum densification (~98% py,) at
1400 °C. 19 Collectively looking at densification behavior, the
grain boundary cleaning effect contribution from SPS and
liquid phase sintering (LPS) from Cu together contribute to
achieve maximum densification at lower temperature in a
shorter time. The LPS and physical activation due to electric
field effect enhance the kinetics of the sintering and aid in
mass transport effectively, which results in better densifica-
tion.

From the phenomenological point of view, the liquid phase
sintering involves the dissolution of ceramic phase in a sinter-
ing liquid followed by precipitation. The primary requirement
therefore is that the liquid phase must wet the grain bound-
ary of ceramic grains and also there should be an appreciable
dissolution from ceramic phase in liquid phase at sintering
temperature. Since both the cermets are processed under iden-
tical sintering conditions, the difference in sintering behavior
should be attributed to the difference in dissolution of TiB;
and ZrB, in Cu binder phase, which has a melting point of
1085 °C. Also, the wetting of individual TiB; or ZrB, phase
by Cu melt could be different at the same SPS temperature
(1500 °C). In order to study this, both Ti—Cu and Zr—Cu phase
diagrams are considered.>? From the Ti—Cu equilibrium dia-
gram, it is clear that the solubility of Cu in Ti decreases
with increase in temperature beyond melting point of Cu.
For example, the maximum solubility of Cu at 1400 °C is
20 wt.%, which decreases to 12 wt.% at 1500 °C. Although
Cu also dissolves in Zr, but to a lesser extent beyond melt-
ing of Cu. According to equilibrium Zr—Cu diagram, around
14 wt.% Cu at 1400 °C, and around 10 wt.% Cu at 1500 °C
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can be dissolved in Zr. However, under fast heating rate and
shorter sintering time, the dissolution could be less from the
expected equilibrium level.

The densification result of the present study is further
compared with that of earlier developed boride-based
materials. Cheng and Gadalla processed the ZrB, cermets
with higher amount of copper (25 vol.%) in the temperature
range of 1100-1650°C. The obtained materials exhibit
poor sintered density (<80% pg,) due to evaporation of Cu
and boron loss.!> Densification of the TiB,—(0.5 wt.%) Fe
and Cr cermet was carried out in the temperature range
of 1800-1900°C for 2h to obtain maximum densification
(~98-99% pu,).10 Ferber et al. have used upto 10 wt.% Ni to
achieve more than 99% theoretical density in TiB, cermets
by hot pressing route (~1400°C).!7 It was reported by
Einarsrud et al. that the effect of relatively small addition of
(1-5 wt.%) of nickel, NiB and iron promotes the liquid phase
sintering of TiB,.® Mishra et al. sintered ZrB, with varying
Fe and Cr content (5-20 wt.%) at sintering temperature of
1800 °C for 1 h. It was observed that the addition of Fe upto
10 wt.% enhances the densification (~93% py) and more
addition of Fe decreases the sintered density. Additionally,
Cr addition caused the swelling problem, leading to severe
cracking.7 From the above observations, it is clear that
attaining high density (>95% pg) in boride-based cermets
at lower temperature of 1500 °C via SPS route is a promising
result.

3.2. Microstructure

The cermets selected for detailed microstructure study
are the materials, which exhibit maximum in densification
behavior (SPSed at 1500 °C, 15 min). XRD spectra obtained
with the TiB—6 wt.% Cu and ZrB,—6 wt.% Cu cermets are
presented in Fig. 2. Fig. 2a shows the phase analysis of the
TiB,-based cermet, revealing the predominant presence of
TiB, and metallic Cu. No reaction product is detected within
the resolution limit of XRD. Similarly, Fig. 2b presents the
XRD results of ZrBs-based cermet, characterized by the
presence of ZrB; as the main phase and Cu as the minor
phase. There is no indication of formation of any reaction
product. SEM micrographs (BSE contrast) of the polished
and fractured surface of TiB,—6 wt.% Cu cermet, SPSed at
1500°C are displayed in Fig. 3. The microstructure of the
TiB;-based cermet is characterized by the presence of three
phases with difference in electron contrast, i.e. black (pores),
grey (Cu-rich phase) and dark (TiB,). The fracture surface
(Fig. 3c) of the TiB2—6 wt.% Cu cermet is characterized by
predominantly intergranular fracture mode. On the polished
surfaces (Fig. 3b), the presence of pores having rounded as
well as hexagonal morphology is observed in the TiB, grains.
The TiB; grains in the cermet exhibits different morphology
of faceted, rounded, platelet like (Fig. 3a). Moreover, the size
of the TiB; grains is non-uniform in nature. The presence of
coarser grains of size >5 wm can be noticed (Fig. 3a). The
observation of finer as well as coarser/elongated grains with
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Fig. 2. X-ray diffraction spectra obtained with polished of TiB,—6 wt.% Cu
(a) and ZrB,—6 wt.% Cu (b), SPSed at 1500 °C for 15 min under vacuum.
The different crystalline phases are also indicated.

longer aspect ratio is also made. It is difficult to characterize
the cermet with a characteristic grain size.

A closer look at the microstructure reveals the existence of
arim phase with dissolved Ti and Cu around the TiB; grains,
as evident in Fig. 4. This dissolution of Cu presumably plays
an important role in the shape change of the TiB, grains.
It has been reported by Chae et al. that the irregular solid
grain is formed due to the dissolution and reprecipitation
at certain specific grain surfaces.'® This type of grain
shape change can be correlated with the tendency towards
attaining the equilibrium grain shape or to obtain more
stable structure. Han et al. observed the shape change from
faceted to spherical ZnO grains in the presence of the BipO3
liquid.'® In the present case, an observation of shape change
at higher temperature (1400-1500°C) is predominantly
observed with the cermet sintered for longer holding time
of 15 min. Based on the above observations, it can be stated
that Ti from borides dissolve in the liquid Cu phase and
reprecipitation of (Ti, Cu) solid solution takes place on TiB>
particles during SPS process. The dissolution—precipitation
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Fig. 3. Scanning electron micrographs of polished surface (a, b) and fracture
surface (c) exhibiting different morphology (rounded, elongated, plate like)
of TiB, grains (grey contrast) the TiB,—6 wt.% Cu composite, SPSed at
1500 °C for 15 m under vacuum. The presence of pores within boride grains
can be noted.

process, being dependent on starting particle shape and size,
occurs with varying extent in our TiB,/Cu cermets.

The X-ray mapping analysis is carried out on the selected
region of polished TiB;—6 wt.% Cu cermets. Fig. 4 shows
the corresponding microstructural region along with X-ray
intensity distribution of relevant elements (Ti, B, Cu). The
X-ray mapping results indicate the predominant presence
of Ti and B (black phase), constituent elements of the tita-
nium di-boride. The presence of Cu is much clear around the
TiB, grains and appears as a gray phase. The presence of
Cu ensures proper wetting of the TiB, grains. EDS analysis
of the white or bright contrast phase indicate the presence
of W, which may incur during the initial ball milling experi-
ments. Overall, the presence of Cu (melting point ~1085 °C
and boiling point ~2595 °C) helps in the densification of the
cermet at much lower temperature.

Fig. 5 illustrates SEM images of the polished and fracture
surface of the ZrB,—6 wt.% Cu cermet, SPSed at 1500 °C for
15 munder vacuum. Observing the fracture surfaces (Fig. 5b),
it is apparent that the fracture takes place by mixed mode of
transgranular and intergranular type. Similar to TiB, cermets,
the observation of three different phases like ZrB, parti-
cles, Cu-rich phase and a third phase with different electrons
contrast of grey, white, black, respectively, can be made in
the polished cross section (Fig. 5a). The presence of a large
amount of entrapped porosity within the ZrB, grains and in
the metallic Curich phase, correlates well with the lower den-
sification (~95% p). X-ray mapping of the ZrB,—6 wt.% Cu
cermet is also carried out on selected regions of a smoothly
polished sample (Fig. 6). X-ray mapping reveals the predom-
inant presence of Zr and B, constituent elements of the ZrB,
phase (black phase). There is significant observation of Cu
surrounding the ZrB, grains and predominantly along the
triplet junctions. The presence of W is detected by EDS anal-
ysis of white contrast phase, similar to that in the case of the
TiB; cermet. Compared to TiB, cermet, the variation in grain
size as well as shape is not large in ZrB, cermets. The pres-
ence of a characteristic core-rim structure, with a rim phase
having different electron contrast, can be critically made.
SEM-EDS analysis indicated that while core phase is pre-
dominantly ZrB,, the rim phase has reduced Zr content with
dissolved Cu. Also, the comparison of Figs. 3 and 5 reveals
that the dissolution—precipitation occurs to a lesser extent in
ZrB;-based cermet as compared to TiB, cermet. Similar core-
rim structure is widely reported for various ceramic materials
like Y-TZP2? as well as cermet materials like TICN-Ni2!, etc.

3.3. Mechanical and electrical properties

Tables 1 and 2 present the mechanical properties of the
developed TiB, and ZrB; cermets, SPSed at 1500 °C for
a holding period of 15m under vacuum. The TiB,—6 wt.%
Cu exhibits optimum hardness and fracture toughness of
~17GPa and ~11MPam'"?, respectively. The fracture
toughness of the cermet is almost double than that of the
monolithic TiBy (~5MPam!/?), hot pressed at 1850°C
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Cu

Fig. 4. X-ray mapping analysis of the TiB,—6 wt.% Cu composite, SPSed at 1500 °C for 15 min in vacuum. X-ray intensity maps for relevant elements; Ti (b),
B(c) and Cu (d) as well as the investigated microstructural region are shown (a) (polished section).

for 1h.27 1t can also be noted that the TiB,-based cermet
with 0.5 wt.% Fe and Cr addition, pressureless sintered at
1800 °C exhibits strength of 506 MPa and fracture toughness
of 6.6 MPam'?, respectively.'® TiB, with 1.4 wt.% Ni, hot
pressed at 1400 °C exhibits strength and fracture toughness of
670 MPa and 6.4 MPam'/2, respectively. Addition of Ni more
than 2 wt.% to TiB; results in the formation of brittle grain

Table 1

boundary phase, which in turn degrades the properties.'”
Comparing the data presented in Table 1, it is clear that
the fracture toughness of the newly developed TiB; cermets
is much higher than earlier developed cermets, whereas the
hardness is lower. The difference in mechanical properties
should be attributed to the difference in the TiB, grain size
and dissolution of TiB, during sintering. Certainly, the TiB,

A table comparing the density, hardness, fracture toughness and electrical conductivity of the SPSed TiB; and TiB,—6 wt.% Cu cermet materials with various

TiB,-based cermets and monolithic TiB;, developed earlier

Material Processing details Relative Vickers Indentation Electrical Electrical Reference
density hardness toughness (Kic) resistivity conductivity (p,
(% pin) (Hy) (GPa) (MPam'”?) (0, €2 cm) MQ~'em™")

Monolithic TiB, PS, 2100°C, 1h, 99.3 - 4.8 8.4 0.119 26
vacuum

Monolithic TiB, HP, 1850°C, 1h, 96.8 24.4 5.4 14.0 0.071 27
vacuum

TiB,-0.7 wt.% Ni HP, 1550°C, 1h, 97.9 23.3 5.1 9.0 0.111 27
vacuum

TiB,-1.4 wt.% Ni HP, 1425°C >99 - 6.4 - - 17

TiB>—7.9 wt.% Ni HP, 1425°C >99 - 4.0 - - 17

TiB,-0.5 wt.% PS, 1800°C, 2h, 97.6 27.0 6.2 - - 16

Fe-0.5wt.% Cr argon
TiB,-19.8 wt.% HIP, 1350°C, - 139 55 - - 30
Fe—8.6 wt.% Ni argon

TiB,—40 wt.% Cu SHS +HIP, 96.1 - 8.3 - - 28
>2000°C, 12h

TiB,-33 wt.% Co HIP, 1350°C, - 17.0 29 - - 29
1/2h, argon

TiB,-6.0 wt.% Cu SPS, 1500°C, 98.6 16.7 10.9 49 0.204 Present work

15 min

Different processing routes are indicated: PS, pressureless sintering; HP, hot pressing; HIP, hot isostatic pressing; SHS, self-propagating high temperature
synthesis and SPS, spark plasma sintering.
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Fig. 5. Scanning electron micrographs of polished surface showing varying
grain size of ZrB; particles (grey contrast) and presence of rounded pores
trapped in between the grains and there is an observation of diffusion of
secondary phase Cu along the boundaries of the Zr matrix phase (a) and
fracture surface of the ZrB,—6 wt.% Cu composite exhibiting transgranular
type (b) of the composite SPSed at 1500 °C for a holding period of 15m
under vacuum.

grains in our cermet exhibit a wider grain size distribution
with considerable number of grains having sizes of >5 pum,
which restrict the hardness. In case of the pressureless sin-
tering as well as the pressure assisted sintering processes,
high temperature and longer holding time presumably leads
to grain growth as well as the extensive solid solution for-
mation by dissolution of TiB;, which in turn detracts the
hardness of the materials. In case of SPS process, its effect is
minimal. In our experiments, the addition of softer phase like
Cu upto 6 wt.% does not seem to considerably degrade the
hardness as hardness of 17 GPa is measured in SPS processed
TiB,—6 wt.% Cu cermet.

The optimally densified ZrB,—6wt.% Cu exhibits
higher hardness and fracture toughness of ~19 GPa and
~7.5 MPam!”?, respectively. Table 2 illustrates the compari-
son of material properties of the newly developed cermet with
the earlier developed ZrB,-based materials. ZrB,—4 wt.% Ni,
hot pressed at 1850 °C for 30 min exhibits high hardness and
very low fracture toughness of 14.4 GPa and 3.4 MPam'/?,
respectively.?? On the other hand, ZrB, sintered with 13 wt.%
B4C is reported to have higher hardness and fracture tough-
ness of 19.2 GPa and 4.5 MPam!2, respectively.?? Zhang et
al. synthesized ZrB,—SiC composite via reactive hot press-
ing at 1900 °C with an applied pressure of 30 MPa under
argon atmosphere for 60 min. The bending strength and frac-
ture toughness of the developed composite reported to be
506 MPa and 4 MPam!/2, respectively.”? Therefore, a com-
parison with literature results, as mentioned above, suggests
that ZrB,—6 wt.% Cu has higher hardness than earlier devel-
oped ZrB,—Ni cermet. More importantly, the fracture tough-
ness of ZrB,/Cu cermet is much higher than earlier developed
ZrB; materials, as reported elsewhere.2223

The attainment of higher toughness in the newly devel-
oped cermets needs to be critically noted. In the case
of monolithic TiB;, the contribution to toughness arises
primarily from crack deflection. Whereas in case of cermets,
the ductile metal bridging contributed significantly by crack
closure in enhancing the fracture toughness. When a crack
propagates in boride cermets, the crack gets deflected by
the coarser boride particles. Also, the metallic binder phase

Table 2
The density, hardness and fracture toughness and electrical resistivity of the SPSed ZrB,—6 wt.% Cu cermet material
Material Processing details Relative Vickers Indentation Electrical Electrical Reference
density hardness toughness (Kic) resistivity conductivity (p,
(% pw)  (Hy)(GPa)  (MPam'?) (p.pQem)  MQ 'em™h)
ZrB, HP 1900°C, 0.5h 86.5 8.7 35 - - 31
ZrBo—4 wt.% Ni HP 1850°C, 0.5h 98.0 14.4 2.8 - - 31
ZrB, HP 1900°C, 0.5h, 87.0 8.7 2.35 15 0.066 32
vacuum
ZrBy—4 wt.% Ni HP 1850°C, 0.5h 98.0 14.4 2.8 7.42 0.134 22
55wt.% ZrBy—41 wt.% HP 1600°C, 0.5h ~100 17.7 4.3 15.55 0.064 22
TiBy—4 wt.% Ni
83wt.% ZrBr—13 wt.% HP 1870°C, 10 min 99.6 19.2 45 16.08 0.062 22
B4C—4 wt.% Ni
ZrB,-6 wt.% Cu SPS 1500°C, 15 min 94.8 19.1 74 6.5 0.133 Present work

For comparison, the literature data are also mentioned. Different processing routes are indicated: HP, hot pressing and SPS, spark plasma sintering.
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Fig. 6. X-ray mapping analysis of the Spark Plasma Sintered (1500 °C, 15 min) ZrB,—6 wt.% Cu cermet, exhibits the predominant presence of base constituent
elements Zr (b) and B (c) and Cu binder phase around ZrB, grains (d). The analyzed microstructural region (polished surface) is shown in (a).

(Cu) plastically flows around the crack tip of a propagating
crack. Both these factors contribute together to achieve
higher toughness in the newly developed cermets. It can be
mentioned here that similar mechanism also contributes to
enhanced toughness (~13-14 MPa m2) of WC-6wt.% Co
cermets.?*

Apart from the mechanical properties, the electri-
cal resistivity of the optimized cermets is measured at
room temperature using conventional four probe method.
The developed materials, i.e. TiBp- and ZrB;-based
cermets exhibit low resisitivity of ~5 and 6.5 p2cm,
respectively, and high electrical conductivity of 0.20 and
0.15MQ~! ecm™!, respectively. The higher resistivity of ZrB,
cermets is presumably due to higher entrapped porosity. The
TiB,-based materials exhibit better conductivity than ZrB;-
based composite material, because of better interconnected
network of metallic binder phase. It can be noted here that the
electrical resistivity of pure TiBj is 10-30 €2 cm and that
of pure ZrB; is 9.2 u€2 cm. The electrical resisitivity of the
Cu—48 vol.% TiB, composite, developed by Yin and Chung,
is reported to be ~3.4 w2 cm.?’ The electrical resisitivity of
the recently developed TiB, and TiB>—10 wt.% MoSi; com-
posite exhibits in the range of 13.2 w2 cm and 12.5 p€2 cm,
respectively.'” From the above discussion, it should be evi-
dent that the addition of smaller amount of Cu, in the present
case, significantly increases the electrical properties of the
borides.

Comparing the material properties of our cermets with the
earlier developed cermets, it is to be noted that the earlier cer-

mets were primarily processed via pressureless sintering or
hot pressing or hot isostatic pressing (see Tables 1 and 2).
In case of earlier developed TiB;-based cermets, hardness of
more than 20 GPa is measured with a maximum of ~27 GPa
with TiB;-0.5% Fe—0.5% Cr cermet (Table 1). Although,
the hardness of the SPSed cermet is lower (17 GPa), but the
fracture toughness is much higher (~11 MPam'?), in fact
two to three times higher than that of earlier developed cer-
mets (~3—-6 MPam'/?). Also, the SPSed cermets have much
better electrical conductivity (~0.2MQ~! cm™"), which is
twice than that of either monolithic TiB; or TiB»—-0.7% Ni
(see Table 1).

Similar observation, with little exception, is also made
for ZrB,-based cermets. The hardness of the SPSed cermet
is comparable or even better than that of the earlier devel-
oped ZrB, materials (Table 2). As far as the toughness is
concerned, the indentation toughness of the SPSed cermet
(7.4 MPam'?) is much higher than that of other ZrB,-based
materials, which varies in the range 2.4—4.5 MPa m!2. The
electrical conductivity of SPSed cermet is comparable with
the hot pressed ZrB»—4% Ni cermet (~0.134MQ~! cm™!)
and even much better than other ZrB,-based materials, as
reported in Table 2.

As a concluding note, the fabrication of transition
metal borides-based cermets, as reported in the present
work, resembles an important class of cermets, i.e. WC-Co
hardmetal, which combines the high toughness and elec-
trical conductivity of a metallic binder with the hardness
of the boride phase. The microstructure of the obtained
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cermets are similar to that of other cermet materials like
Ti(CN)-Ni.2! The present experimental results also reveal
that the combination of better mechanical properties, in
particular high toughness, and electrical properties can be
achieved in TiB, and ZrB,-based cermet. The developed
cermets can be used as a candidate material for various
engineering applications, especially as electro discharge
machining electrodes. Because of good combination of
moderate hardness and high toughness, these cermets can
also be potentially used as wear parts and cutting tool
inserts.

4. Conclusions

(a) In the present work, the influence of 6 wt.% Cu addition
on the densification of two borides, e.g. TiB, and ZrB; is
studied using SPS as a processing tool. Both the cermets
were optimally densified to ~99% pg, (TiB2—6 wt.% Cu)
and 95% pw (ZrB>—6 wt.% Cu) at SPS temperature of
1500 °C with holding time of 15 min. The enhanced sin-
tering at lower temperature is attributed to the liquid
phase sintering and the electric field effect, inherent in
SPS processing.

(b) The sintered microstructure is characterized by a core-
rim structure with the dissolution of Ti/Zr in Cu melt
and thereby forming a rim phase. Another characteris-
tic microstructural feature is the change of grain shape
of ceramic phase (TiB, or ZrB;) from equiaxed to
more rounded shape, which presumably is due to the
dissolution—reprecipitation phenomenon inherent in lig-
uid phase sintering.

(c) The mechanical property measurements revealed that the
newly developed boride cermets are superior in terms
of toughness, as compared to earlier developed cer-
mets based on borides. While the optimum TiB, cermet
exhibits high hardness and fracture toughness of 17 GPa
and 11 MPam'?, respectively; the ZrB, cermets has
higher hardness of 19 GPa, but lower fracture toughness
of ~7.5MPam!”2.

(d) SPS processed cermets also exhibit better electrical con-
ductivity property. The addition of 6 wt.% Cu leads to
enhanced electrical conductivity in both TiB,-based cer-
mets (0.20 MQ! cm_l) as well as in ZrB,-based cer-
mets (0.15MQ~! cm™!). The higher resistivity or less
conductivity in ZrB, cermet is particularly ascribed to
the presence of more entrapped porosity.
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