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bstract

rom the perspective of high temperature structural applications, it is important to evaluate temperature dependent mechanical properties of titanium
iboride (TiB2) ceramics. The present study reports the effect of TiSi2 content (up to 10 wt.%) and temperature on hardness and strength of TiB2.
he hardness properties were measured from room temperature (RT)—900 ◦C in vacuum; the four-point flexural strength properties were evaluated
t selected temperatures in air up to 1000 ◦C. An attempt has been made to discuss the difference in hardness and strength properties with sinter-aid

mount and microstructure. Our experimental results clearly indicated that the addition of 2.5 wt.% TiSi2 to TiB2 resulted almost full densification
t a lower hot pressing temperature of 1650 ◦C without compromising on the high temperature strength and hardness properties. The hot pressed
iB2–2.5 wt.% TiSi2 ceramic could retain moderate strength of more than 400 MPa and hardness of 9 GPa at 1000 ◦C and 900 ◦C, respectively.
2008 Elsevier Ltd. All rights reserved.
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. Introduction

In the last few decades, ceramics have emerged as a new
eneration of high temperature materials for aerospace and
ther structural applications. Transition metal diborides (TiB2,
rB2, HfB2, etc.) are commonly known as ultra-high temper-
ture ceramics (UHTCs) as they possess melting temperatures
reater than 3000 ◦C.1 These materials have been considered for
igh temperature structural applications, such as thermal protec-
ion materials for advanced reentry vehicles, furnace elements,

olten-metal crucibles and high temperature electrodes in view
f their high melting points, superior mechanical properties,
xidation and corrosion resistance.1–9

In particular, TiB2 is attractive for applications such as cut-
ing tools, wear resistant parts, armor material and electrode

aterials in metal smelting because of its’ excellent combi-

ation of properties including high hardness, elastic modulus,
igh strength to weight ratio, wear resistance, good thermal
nd electrical conductivity. However, the applications of mono-

∗ Corresponding author.
E-mail address: gbraju@iitk.ac.in (G.B. Raju).
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ithic TiB2 is rather limited due to the difficulties in obtaining
ully dense materials even with an applied pressure at extremely
igh temperatures (∼2000 ◦C). TiB2 is difficult to sinter mainly
ecause of its covalent bonding nature, low self-diffusion coef-
cient and presence of oxide layer (TiO2 and B2O3) on TiB2
owder surface.6 Hence, the use of metallic/non-metallic sinter
dditives is essential to enhance the sinterability of TiB2.

It has to be mentioned here that although TiB2 exhibits
unique combination of properties and has potentiality for

igh temperature applications, very few reports are available
n the high temperature mechanical properties of TiB2 mate-
ials. Hot hardness tests have been widely used as a standard
ool to evaluate the high temperature mechanical behavior of
arious ceramics, including borides.1,9–13 Hardness is one of
he most important factors in selecting ceramics for various
ngineering applications, like abrasive wear, etc. Additionally,
he hardness at different temperatures can give a good indica-
ion of variation of strength of materials with temperature.10

levated temperature mechanical strength property of some

f the advanced ceramic composites is also reported in the
ublished literature.1,14–27 The high temperature strength prop-
rties are very sensitive to microstructural phase assemblage or
inter-additive content. As far as the high temperature proper-

mailto:gbraju@iitk.ac.in
dx.doi.org/10.1016/j.jeurceramsoc.2008.11.018
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ies of TiB2 are concerned, majority of the investigations are
imited to monolithic TiB2. Recently, we have reported the sin-
ering parameter optimization and microstructure development
f TiB2–TiSi2 composites.28 It is of interest to evaluate the
igh temperature hardness and strength properties of the devel-
ped TiB2–TiSi2 composites. Such a study would indicate the
easibility of their high temperature application.

. Experimental procedure

.1. Processing and microstructural characterization

In the present investigation, TiB2–XTiSi2 (X = 0, 2.5, 5 and
0 wt.% TiSi2) materials were processed from commercially
vailable TiB2 (Grade F, H.C. Starck GmbH and Co., Goslar,
ermany) and TiSi2 (Goodfellow Cambridge Limited, Eng-

and) powders. The TiB2 powder had a median particle size
D50) of 0.9 �m and a specific surface area of 2.92 m2/g. The
ajor impurities in the powders were carbon (0.3 wt.%) and oxy-

en (1.9 wt.%). The TiSi2 powder (99% purity) was used as a
intering-aid and had D50 of 3.5 �m and specific surface area of
.7 m2/g. An approximate amount of powder mixtures were hot
ressed at a temperature of 1650 ◦C for 1 h, with an applied pres-
ure of 30 MPa, in a flowing argon atmosphere. Relative density
f the samples was measured using the image analysis tech-
ique. The crystalline phases in the starting powders, hot pressed
nd strength tested samples were analyzed using XRD (Rigaku,
apan). The microstructural investigation of the polished and
hemically etched surfaces of TiB2 was performed by means
f a scanning electron microscope (SEM) (Quanta FEI 200,
indhoven, the Netherlands) with attached energy-dispersive
pectroscopy (EDS).

The densification data of the hot pressed samples is presented
n Table 1. The monolithic TiB2 could be densified to only 94.4%
heoretical density (ρth) after hot pressing at 1650 ◦C for 1 h.
owever, the density of TiB2 samples increases with TiSi2 sin-

er additive and the maximum of ∼99% ρth is achievable by
dding a small amount of TiSi2 (2.5–10 wt.%), after hot press-
ng at 1650 ◦C. In order to compare the properties of the TiB2
omposites, reference monolithic TiB2 samples were fabricated

y hot pressing at 1800 ◦C for 1 h. It has to be noted here that
he in-house processed TiB2 powders were used for the fabri-
ation of reference monolithic TiB2, and the major impurities
n the powders were oxygen (∼0.5 wt.%), carbon (∼0.6 wt.%)

w
T
a
I

able 1
ensification, average grain size and Vickers hardness (Hv) values at various tempera

aterial composition (in wt.%) Relative density (% ρth) Average grain si

onolithic TiB2
a 97.8 1.5 ± 0.2

onolithic TiB2
b 94.4 3.6 ± 0.7

iB2–2.5TiSi2 98.8 2.3 ± 0.3
iB2–5.0TiSi2 99.6 3.0 ± 0.6
iB2–10.0TiSi2 99.6 3.5 ± 0.5

a Hot pressed at 1800 ◦C for 1 h.
b Hot pressed at 1650 ◦C for 1 h.
eramic Society 29 (2009) 2119–2128

nd nitrogen (∼0.6 wt.%). The D50 of in-house TiB2 powders
as about 1.2 �m and the specific surface area was 1.49 m2/g.
he reference monolithic TiB2 exhibited a maximum density of
7.8% ρth and was characterized by equiaxed grains, having an
verage grain size of 1.5 �m.

The microstructural analysis shows that hot pressed TiB2
amples containing up to 5 wt.% TiSi2 consist of TiB2 and
i5Si3 as major phases, while TiSi2 along with TiB2 and Ti5Si3
re observed for TiB2–10 wt.% TiSi2. The details of densi-
cation mechanism, microstructure, sintering reactions, room

emperature (RT) mechanical and electrical properties of the
iB2–TiSi2 materials were reported elsewhere.28 A represen-

ative microstructure of the TiB2–10 wt.% TiSi2 composite
s presented in Fig. 1a. The microstructure analysis of the
iB2–10 wt.% TiSi2 composite clearly reveals the presence of

hree distinct phases. The grey phase, constituting the major
rea fraction of the micrographs corresponds to TiB2, while
he phase appearing in brightest contrast, located in the inter-
rystalline regions, corresponds to Ti5Si3. The dark contrasting
hase (TiSi2) can be observed along the grain boundaries of
iB2. A closer look at Fig. 1a reveals that the microstructure of

he TiB2 composite consists of bimodal TiB2 grains (typically a
arge fraction of the equiaxed grains varying in size from 1.5 �m
o 4 �m and some coarser faceted TiB2 grains varying in size
rom 4 �m to 7 �m with an aspect ratio of ∼2.5). Such charac-
eristic grain morphology is commonly observed for all the TiB2
amples that were hot pressed at 1650 ◦C.

From the etched microstructures of different TiB2 samples,
he average grain size of TiB2 was measured on multiple SEM
mages using the conventional linear intercept method. The
eported grain size values were based upon the measurements of
t least 500 grains. The average grain size of the TiB2 samples is
ecorded in Table 1. The average grain size of reference mono-
ithic TiB2 (hot pressed at 1800 ◦C) is relatively lower than that
f the TiB2 hot pressed at 1650 ◦C. It indicates that the grain
ize of TiB2 in the present study is mainly affected by the type
f the starting powders rather than the hot pressing tempera-
ure. The average grain size of TiB2 varied within a narrow
ange of 2.3–3.6 �m for all the TiB2–TiSi2 samples that were
ot pressed at 1650 ◦C. However, the finer grain size of 2.3 �m

as measured with the TiB2 containing up to 2.5 wt.% TiSi2.
hese observations indicate that an optimal amount of TiSi2
ddition inhibits the grain growth of TiB2 during hot pressing.
n the literature, it was reported that the anisotropy of the hexag-

tures of TiB2–TiSi2 materials hot pressed at 1650 ◦C for 1 h.

ze (�m) Vickers hardness (GPa)

At RT At 300 ◦C At 600 ◦C At 900 ◦C

25.3 ± 1.8 13.9 ± 1.4 10.8 ± 0.7 8.2 ± 0.7
21.2 ± 1.1 13.8 ± 0.4 9.8 ± 0.5 7.2 ± 0.5
27.0 ± 1.7 15.1 ± 0.3 11.5 ± 0.6 8.9 ± 0.3
26.8 ± 1.0 14.1 ± 0.8 10.6 ± 0.6 7.8 ± 0.5
23.7 ± 2.7 13.1 ± 0.9 9.8 ± 0.6 8.0 ± 0.4
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ig. 1. SEM image of the hot pressed TiB2–10 wt.% TiSi2 etched surface reveals
iB2 [grey phase], Ti5Si3 [bright phase] and TiSi2 [dark phase] (a) and the
istogram shows the effect of TiSi2 sinter additive on TiB2 grain size (b).

nal crystal structure results in deleterious internal stresses and
he onset of spontaneous microcracking during cooling, if grain
ize of TiB2 exceeds the critical grain size of 15 �m.9 In the
resent study, the average grain size for all the TiB2 samples
≤3.6 �m) is well below the critical grain size. Fig. 1b shows
he grain size distribution of TiB2 materials and it is evident that
iSi2 addition (up to 2.5 wt.%) refines the grain size of TiB2. A
loser observation of the data presented in Fig. 1b reveals that
he mean or peak in the individual grain size distribution shifts
oward right as the addition of TiSi2 is increased from 2.5 wt.%
o 10 wt.%. The influence of grain size on material properties
ill be discussed later.

.2. Hot hardness

The samples (5 mm × 5 mm × 10 mm) for hot hardness mea-
urements were prepared from the hot pressed discs and polished
p to 0.25 �m finish with diamond paste and finally polished
ith �-Al2O3 (0.05 �m). The polished samples were ultrasoni-
ally cleaned in acetone for 10 min. The samples were indented
sing a high temperature hardness tester (QM-2, Nikon, Japan)
n a vacuum of less than 5 × 10−3 Pa. The sample was heated to
he desired temperature for the experiment; indents were made

a
p
s
t

eramic Society 29 (2009) 2119–2128 2121

t RT (23 ◦C), 300 ◦C, 600 ◦C and 900 ◦C using a load of 9.8 N.
he load was maintained for 10 s, and the measured hardness

s an average of at least four or five indents that were produced
t each test temperature. The indent diagonals were measured
n situ at respective temperature with a digital micrometer eye-
iece. After the hot hardness tests, the indent diagonal lengths
ere carefully measured using SEM. We have considered the
easurements from SEM images, while calculating hardness

alues. In the present investigation, irrespective of the test tem-
erature, it was observed that the hardness values calculated by
n situ measurements were lower (about 1 GPa) than the SEM

easurements. This variation in hardness may be due to the over
stimation of diagonal lengths in case of in situ measurements.

.3. Flexural strength testing

The specimens for strength measurements were cut from the
ot pressed disks and machined into bar shapes with dimensions
f 3 mm × 4 mm × 40 mm. All the test samples were polished
o a surface roughness of Ra ∼ 0.20 �m by standard ceramo-
raphic techniques. The surface roughness of the samples was
easured by using a laser surface profilometer. The edges of

ll the specimens were chamfered, to minimize the effect of
tress concentration due to machining flaws. The RT bend tests
ere performed on a universal testing machine (INSTRON
465, USA), whereas the high temperature tests (at 500 ◦C and
000 ◦C) were carried out in ambient air using a universal test-
ng machine (INSTRON 8562, England) equipped with a high
emperature furnace. For the high temperature strength mea-
urement, the temperature was increased from RT to the test
emperature at a heating rate of 15 ◦C/min, where it was hold
or 5 min prior to application of the load. Following the frac-
ure, the sample was furnace cooled by disconnecting the power
o the furnace. The flexural strength was measured on a four-
oint bending configuration using silicon carbide fixture, with
crosshead speed of 0.5 mm/min and inner and outer spans

f 10 and 30 mm, respectively. For each ceramic composition,
our or five samples were tested for strength measurement.
he topography of the fractured surfaces was investigated
sing SEM.

. Results

.1. Hot hardness

The measured hardness values of TiB2 samples as a function
f temperature are presented in Table 1. The standard deviation
f reported hardness values was within ±7%. The semilogarith-
ic hardness of the TiB2 samples as a function of temperature is

lotted in Fig. 2. A common observation is that the hardness of
ll the materials at any given temperature varies over a narrow
indow. Among all the samples, TiB2–2.5 wt.% TiSi2 exhibited
better hardness property and the hardness varied from 27 GPa

t RT to 8.9 GPa at 900 ◦C. At RT, the monolithic TiB2 (hot
ressed at 1800 ◦C) shows a little lower hardness than the TiB2
amples containing up to 5 wt.% TiSi2. However, it is interesting
o note that the hardness of the monolithic TiB2 is compara-
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ig. 2. A semilogarithmic representation of the hardness of TiB2 samples [after
ot pressing (HP) at 1650 ◦C and 1800 ◦C, for 1 h] as a function of temperature.

le with the other TiB2 samples (containing ≥5 wt.% TiSi2)
t elevated temperatures. For example, the hardness of mono-
ithic TiB2 and TiB2–5 wt.% TiSi2 is measured to be 8.2 GPa
nd 7.8 GPa, respectively at 900 ◦C.

.2. Flexural strength

In Fig. 3, the effect of temperature on flexural strength of
he hot pressed TiB2–TiSi2 samples is presented. Among all
he compositions, TiB2–5 wt.% TiSi2 showed the highest RT
trength (∼426 MPa). This can be attributed to its high density
see Table 1). The increased amount of second phase is observed
o reduce the RT strength (∼337 MPa) of TiB2–10 wt.% TiSi2.
p to 500 ◦C, the fracture strength is observed to increase for all

he TiB2 compositions that were densified to more than 97%
th. Both the reference monolithic TiB2 and TiB2–2.5 wt.%
iSi2 specimens could retain flexural strength of more than
00 MPa up to 1000 ◦C, whereas the flexural strength of the
ther monolithic TiB2 (hot pressed at 1650 ◦C) and TiB2 spec-
mens containing either 5 wt.% or more TiSi2 decreased with
ncreasing the temperature. However, a minimum of 79% RT

trength could be retained for all TiB2–TiSi2 compositions. For
he strength tested samples, the standard deviation was var-
ed over a range within ±4–24%. It is interesting to note that
ariation in strength values decreased systematically with the

p
p
a
f

able 2
igh temperature flexural strength values of the TiB2–TiSi2 materials hot pressed a

RT), 500 ◦C and 1000 ◦C after the flexure test can also be noted.

aterial composition (in wt.%) Four-point flexural strength (MPa)

At RT At 500 ◦C At 10

onolithic TiB2
a 375.1 ± 52.5 422.5 ± 29.1 546.1

onolithic TiB2
b 365.0 ± 88.5 287.4 ± 44.4 267.8

iB2–2.5TiSi2 380.9 ± 74.0 – 433.0
iB2–5.0TiSi2 425.7 ± 68.8 478.6 ± 32.6 313.7
iB2–10.0TiSi2 337.9 ± 67.9 381.1 ± 30.4 318.8

a Hot pressed at 1800 ◦C for 1 h.
b Hot pressed at 1650 ◦C for 1 h.
ig. 3. Effect of temperature on the four-point flexural strength of TiB2 samples
fter hot pressing (HP) at 1650 ◦C and 1800 ◦C for 1 h, relative to the amount of
iSi2.

emperature. However, in all the cases the maximum deviation is
bserved with monolithic TiB2 (hot pressed at 1650 ◦C), owing
o its poor densification (see Table 2).

.3. Fractography

The crystalline phases of TiB2 samples that are detected by
RD after the flexural strength tests at various temperatures are

hown in Table 2. The crystalline phases of each TiB2 specimen
emain the same up to 500 ◦C. But the samples which were tested
t 1000 ◦C consist only of crystalline TiO2 (rutile) and TiB2
hases. Fig. 4 shows a representative XRD pattern of mono-
ithic TiB2 and TiB2–5 wt.% TiSi2. The effect of temperature on
he microstructure/crystalline phases of the TiB2–5 wt.% TiSi2
omposite can be clearly seen from Fig. 4. Although TiB2 is
he major phase for the TiB2–5 wt.% TiSi2 at RT, increasing the
emperature to 1000 ◦C resulted TiO2 becoming the predominant
hase. At 1000 ◦C, both the TiB2 samples irrespective of their
omposition contain only TiO2 and TiB2 as main constituent

hases and such observations indicate the oxidation of the sam-
les (see Fig. 4). Representative SEM images of fracture surfaces
re shown in Fig. 5, and the characteristics of inter/transgranular
racture is distinguished in each image at some representative

t 1650 ◦C for 1 h. XRD crystalline phases of the samples at room temperature

Crystalline phases

00 ◦C At RT At 500 ◦C At 1000 ◦C

± 33.2 TiB2 TiB2 TiB2, TiO2

± 43.4 TiB2 TiB2 TiB2, TiO2

± 17.3 TiB2, Ti5Si3 – TiB2, TiO2

± 16.6 TiB2, Ti5Si3 TiB2, Ti5Si3 TiB2, TiO2

± 12.5 TiB2, Ti5Si3, TiSi2 TiB2, Ti5Si3, TiSi2 TiB2, TiO2
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ig. 4. XRD patterns of the hot pressed TiB2–5 wt.% TiSi2 specimen after
our-point bend test at RT [pattern (a)], at 1000 ◦C [pattern (b)] and reference
onolithic TiB2 after the bend test at 1000 ◦C [pattern (c)].

ocations. At RT, cleavage fracture is the dominant fracture mode
ith the reference monolithic TiB2, hot pressed at 1800 ◦C,
hile the fracture occurred mainly by mixed (intergranular and

leavage) pattern for all the TiB2–TiSi2 samples hot pressed at
650 ◦C. Fig. 6 illustrates the topography of the strength tested
amples (at 500 ◦C) and the sample surfaces do not show any
ndication of oxidation. Both the reference monolithic TiB2 and
he other monolithic TiB2 hot pressed at 1650 ◦C fractured pre-
ominantly via mixed mode of fracture. Intergranular fracture is
he dominant fracture mode for the TiB2 reinforced with TiSi2.
t 1000 ◦C, the fracture surfaces of all the samples reveal the evi-
ence of oxidized microstructure, presence of cavitations (due
o the grain pull outs) and microcracks (see Fig. 7). The EDS
nalysis of fracture surfaces of all the TiB2 samples irrespective
f their composition shows the presence of Ti, B and O. A rep-
esentative EDS spectrum is shown for TiB2–2.5 wt.% TiSi2 as
n inset in Fig. 7b.

. Discussion

The high temperature strength and hardness properties of the
iB2 materials will now be analyzed in terms of the follow-

ng factors: (a) sinter density, (b) TiB2 grain size and (c) sinter
dditive (TiSi2) content.
.1. Temperature dependent hardness

It is known that the brittle materials can be plastically
eformed even at temperatures below 0.5Tmp (melting temper-

b
s
u
a

eramic Society 29 (2009) 2119–2128 2123

ture) under the application of a large hydrostatic stress field
omponent.10 The RT hardness of the monolithic TiB2 and
iB2–TiSi2 samples is measured to vary from 21 GPa to 27 GPa
see Table 1). Such a variation in the hardness of the samples
an be attributed to the densification and amount of sinter addi-
ive. The less densified monolithic TiB2 (hot pressed at 1650 ◦C)
xhibits the lowest hardness of 21 GPa, while the hardness of the
eference monolithic TiB2 is 25 GPa. The hardness of the TiB2
omposites increased with the TiSi2 (up to 5 wt.% TiSi2) addi-
ion and further increasing the TiSi2 content to 10 wt.% resulted
n lower hardness (24 GPa) of TiB2 despite its full densification
99.6% ρth). From the above observations, it can be realized that
lthough the TiB2 composites consist relatively softer phases
ike TiSi2 (8.7 GPa) and Ti5Si3 (9.8 GPa),29 the addition of small
mount of TiSi2 (≤5 wt.%) does not degrade the hardness of
iB2. The hardness values of TiB2–2.5 wt.% TiSi2 composite

s relatively higher, when compared with other TiB2 samples.
he improvement in hardness is mainly because of its higher
ensity and less amount of secondary phase. Although, the
iB2–2.5 wt.% TiSi2 exhibited maximum hardness of ∼27 GPa
t RT, a steep fall in hardness is observable at 300 ◦C (Fig. 2).
imilar behavior was also noticed with the other TiB2 samples
s well. A common observation is that the hardness of all the
iB2 samples decreases with increase in the temperature. The
ecrease in hardness of TiB2–TiSi2 materials reflects that the
ndentation plasticity causes softening of the materials at high
emperatures.

It can be further mentioned here that Munro9 reported
he hardness of monolithic TiB2 (the average grain size of
iB2 ∼ 9 �m) varied between 25.0 GPa and 4.6 GPa over a range
f temperature from RT to 1000 ◦C. In another work, Jungling
t al.30 observed that hot hardness of TiB2-hard metals var-
ed between 7.3 GPa (for TiB2–5 vol.% Fe–Fe2B binder) and
.8 GPa (for TiB2–20 vol.% Fe–Cr–Ni–Fe2B binder) at 800 ◦C.
herefore, a comparison with the reported values reveals that
ur newly developed TiB2–TiSi2 materials can retain higher
ardness (7–9 GPa) at high temperature (900 ◦C) and it can be
ttributed to the finer grain size.

.2. Temperature dependent flexural strength

Fig. 3 shows the effect of temperature on bend strength of
iB2–TiSi2 composites. It can be realized the strength increases
from 375 MPa at RT to 546 MPa at 1000 ◦C) with tempera-
ure for the reference TiB2. Munro9 as well as Baumgartner
nd Steiger31 reported an increase in strength with increase
n temperature (up to 1500 ◦C) for monolithic TiB2. They
ttributed this to the relief of internal stresses, which arise from
he anisotropic thermal expansion of the microcrystalline con-
tituent particles and crack healing due to oxidation (i.e. the
ormation of B2O3 up to about 1000 ◦C) as well. However, the
atter may not be true, since the RT strength of TiB2 speci-

ens, oxidized at higher temperatures, appears to be diminished

y oxidation.32,33 Hence, we believe that relief of the internal
tresses in TiB2 at higher temperatures would enhance the flex-
ral strength of TiB2. The present study revealed an interesting
nd new observation of decrease in strength with temperature
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Fig. 5. Fracture surfaces of the hot pressed reference monolithic TiB2 [hot pressed at 1800 ◦C] shows that fracture occurred predominantly via cleavage fracture
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ode (a). The other monolithic TiB2 (b), TiB2–2.5 wt.% TiSi2 (c), TiB2–5 wt.
ode of intergranular and transgranular fracture at RT. The single headed arro

ntergranular fracture.

or the monolithic TiB2 samples, hot pressed at 1650 ◦C (see
able 2). Poor densification (∼94% of ρth) and thereby the pres-
nce of large porosity as well as the cavitations and microcracks,
n combination, should have caused the fracture of TiB2 at low
oads at or above 500 ◦C (see Figs. 6b and 7a). It is quite pos-
ible that the presence of pores leads to initiation of cracks and
egrades the strength.

Up to 500 ◦C, TiB2–5 wt.% TiSi2 exhibited maximum
trength among all the compositions. Fig. 5c shows that at RT, the
racture occurs via mixed mode of fracture with the TiB2–5 wt.%
iSi2 composite. If we look closely at Fig. 6c, the fracture of
he TiB2–5 wt.% composite takes place predominantly by inter-
ranular fracture at 500 ◦C. Better density and the change in the
ode of fracture from cleavage to intergranular fracture might

ave improved the fracture resistance at 500 ◦C. However, at

f
t
t
t

i2 (d), and TiB2–10 wt.% TiSi2 (e) [hot pressed at 1650 C] shows the mixed
strates the cleavage mode of fracture and the encircled regions correspond to

000 ◦C, the degradation in strength is noticeable for the mono-
ithic TiB2 (HP at 1650 ◦C) and TiB2 composites (containing
5 wt.% TiSi2) excluding the reference monolithic TiB2 and the
iB2–2.5 wt.% TiSi2. The decrease in strength can be attributed

o grain pullouts and microcracking of the materials. Fig. 7b
eveals the minimal presence of such characteristic features in
ase of the TiB2–2.5 wt.% TiSi2.

At 1000 ◦C, the flexural strength of reference monolithic
iB2 is relatively higher than all the TiB2–TiSi2 compositions.
t implies that at elevated temperature the grain boundary sliding
t the boundary of TiB2/Ti5Si3 and TiB2/TiSi2 grains result in

racture at low loads for the TiB2 composites. Since the brittle
o ductile transition temperature of TiSi2 is 800 ◦C and lies in
he range of 1000–1200 ◦C for Ti5Si3, these phases are expected
o exhibit plasticity at or above 800 ◦C with the application of
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Fig. 6. Fracture surfaces of the reference monolithic TiB2 [hot pressed at
1800 ◦C] (a) and the other less densified monolithic TiB2 [hot pressed at 1650 ◦C]
(b) both exhibits mixed mode of fracture at 500 ◦C. However, the latter shows
additionally cavitations and microcracks (b). TiB2–5 wt.% TiSi2 reveals the frac-
t
w
i

l
a
d
t
fl
l
s
p
t
m
s
c

es
ea

rc
h

re
su

lts
ill

us
tr

at
in

g
th

e
ef

fe
ct

of
te

m
pe

ra
tu

re
on

fle
xu

ra
ls

tr
en

gt
h

of
so

m
e

im
po

rt
an

th
ig

h
te

m
pe

ra
tu

re
ce

ra
m

ic
s

[H
P:

ho
tp

re
ss

in
g,

PS
:p

re
ss

ur
el

es
s

si
nt

er
in

g,
SP

S:
sp

ar
k

pl
as

m
a

si
nt

er
in

g,
fo

ur
-P

:
d

th
re

e-
P:

th
re

e-
po

in
tfl

ex
ur

al
st

re
ng

th
].

po
si

tio
n

(i
n

w
t.%

)
Pr

oc
es

si
ng

de
ta

ils
R

el
at

iv
e

de
ns

ity
(%

(t
h)

B
en

d
te

st
co

nd
iti

on
s

Fl
ex

ur
al

st
re

ng
th

(M
Pa

)
R

ef
er

en
ce

R
T

50
0

◦ C
80

0
◦ C

10
00

◦ C
12

00
◦ C

14
00

◦ C
15

00
◦ C

PS
,1

90
0

◦ C
,1

h
>

95
T

hr
ee

-p
oi

nt
,a

rg
on

31
0

–
–

37
0

40
5

–
–

31

PS
,2

10
0

◦ C
,1

h
99

.3
T

hr
ee

-p
oi

nt
,a

rg
on

29
0

30
5

–
39

0
40

0
–

–
31

–
99

.5
T

hr
ee

-p
oi

nt
40

0
42

9
–

45
9

47
1

–
48

9
9

H
P,

19
00

◦ C
,3

0
m

in
86

.5
Fo

ur
-p

oi
nt

,a
ir

35
1

–
34

2
31

7
31

2
21

9
–

20

H
P,

18
50

◦ C
,3

0
m

in
98

Fo
ur

-p
oi

nt
,a

ir
37

1
–

62
4

23
7

–
–

–
20

l.%
Si

C
–5

.9
vo

l.%
H

fC
H

P,
19

00
◦ C

–
Fo

ur
-p

oi
nt

,a
ir

77
0

–
–

–
–

–
31

0
2

�
Si

C
–2

.9
A

lN
–1

0.
6Y

2
O

3
H

P,
19

00
◦ C

,1
h

98
.1

Fo
ur

-p
oi

nt
,n

itr
og

en
65

0
–

–
–

–
63

0
55

0
24

.6
8L

u 2
O

3
H

P,
19

50
◦ C

,1
h

98
.5

Fo
ur

-p
oi

nt
,n

itr
og

en
80

0
–

–
–

75
0

60
0

–
21

SP
S,

13
00

◦ C
,1

h
98

.2
T

hr
ee

-p
oi

nt
55

0
–

42
0

32
5

–
–

–
25

R
ea

ct
io

n
H

P,
19

50
◦ C

,1
h

95
.4

T
hr

ee
-p

oi
nt

,a
ir

29
7

–
–

38
5

38
8

–
–

27
ure is predominantly of intergranular nature at 500 ◦C (c). The regions encircled
ith black circle illustrate the transgranular fracture and the white circles indicate

ntergranular fracture.

oad.34–38 Hence, the plastic deformation of TiSi2 and Ti5Si3
t high temperature may also contribute to the strength degra-
ation in the TiB2 composites. In the present study, though all
he strength tested samples experienced oxidation during the
exural strength testing at 1000 ◦C, both the reference mono-

ithic TiB2 and TiB2–2.5 wt.% TiSi2 composite retained the RT
trength despite oxidation. On the contrary, all the other sam-
les showed a decrease in strength. Hence, it can be inferred

hat at high temperatures, the strength of monolithic TiB2 is

ainly influenced by densification; while, both the sinter den-
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ig. 7. Fracture surfaces of the hot pressed monolithic TiB2 (a), TiB2–2.5 wt.%
vidence of oxidized surface of fractured samples in (a)–(d). The EDS analysis
epresentative EDS spectrum is shown for TiB2–2.5 wt.% TiSi2 as an inset.

A summary of research results illustrating the effect of tem-
erature on flexural strength of some of the important high
emperature structural ceramics is presented in Table 3. It can be
bserved that for both the monolithic TiB2 and Al4SiC4 ceram-
cs, strength increases with temperature up to 1200 ◦C. In fact,
iB2 could retain the strength up to 1500 ◦C. In case of ZrB2-
ased materials, degradation in strength is noticeable at or above
000 ◦C. A common observation is that SiC and Si3N4 ceramics
xhibit high values of strength at both the room and high tem-
eratures, when compared with TiB2 and all the other ceramics
see Table 3). Although SiC and Si3N4 composites exhibited
etter strength properties (varying in the range of 550–750 MPa
p to 1500 ◦C), a trend of decrease in strength with temper-
ture is evident. A closer look at Tables 1–3 reveals that the
ewly developed TiB2 materials are densified relatively at low
rocessing temperatures (reference monolithic TiB2 at 1800 ◦C
nd TiB2–TiSi2 composites at 1650 ◦C for 1 h), when compared
ith the other high temperature ceramics excluding the MoSi2. It

lso can be noted here that all the densified TiB2–TiSi2 samples
except monolithic TiB2 hot pressed at 1650 ◦C) are measured
ith more than 300 MPa at 1000 ◦C and the strength values
re comparable with many of the structural ceramics with the
xception of the SiC and Si3N4. In contrast, the densification of
iC requires much higher hot pressing temperature (>1800 ◦C).
lso, Si3N4-based ceramics require high sintering temperatures

t
i
a
o

2 (b), TiB2–5 wt.% TiSi2 (c) and TiB2–10 wt.% TiSi2 (d) at 1000 ◦C. Note the
cture surfaces of all the TiB2 samples shows the presence of Ti, B and O and a

nd its microstructure is very sensitive to the sinter-aid addi-
ions. In this perspective, densification of TiB2–TiSi2 ceramics
s possible at low sintering temperatures with finer grain size.
n one of our earlier studies, it was reported that the TiB2–TiSi2
aterials possessed low electrical resistivity (10–12.6 �� cm)

nd was only six times higher than that of copper.28 Such bet-
er electrical properties of TiB2 would enable the samples to be

achined into required near net shapes using electric discharge
achining. From the above discussion, it can be inferred that
iB2–TiSi2 materials could be a better choice for high tempera-

ure applications up to 1000 ◦C, in view of their low processing
emperatures with better combination of hardness and strength
roperties.

Finally, the present experimental results clearly confirm the
dvantage of using TiSi2 as a sintering-aid to improve densifica-
ion as well as to retain high temperature strength and hardness
roperties. For monolithic TiB2 materials to retain strength at
igh temperature, high densification (>97% ρth) is essential. But
o achieve such high density with monolithic TiB2, high hot
ressing temperature of 1800 ◦C is needed. We could achieve
aximum density of 99% ρth at a lower hot pressing tempera-
ure of 1650 ◦C with the use of TiSi2 as a sintering aid. However,
n the case of composites, retention of strength at high temper-
ture is only possible with better density and minimal amount
f sinter additive. Among all the compositions, TiB2–2.5 wt.%
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iSi2 composite exhibited the best hardness and strength values
t high temperatures.

. Conclusions

The hardness measurements of TiB2–TiSi2 composites at var-
ous temperatures (up to 900 ◦C) reveal the systematic decrease
n the hardness values with the temperature. Among all the
ompositions, TiB2–2.5 wt.% TiSi2 exhibited better hardness
roperties (27 GPa at RT and 9 GPa at 900 ◦C) due to its higher
inter density and minimal amount of second phase.

Both at RT and 500 ◦C, the strength increases with TiSi2
ontent and goes through a maximum at 5 wt.% TiSi2. Broadly,
igher strength value is measured at 500 ◦C than at RT, irrespec-
ive of ceramic composition, except the monolithic TiB2 that is
ot pressed at 1650 ◦C. At RT, all the materials (except the ref-
rence monolithic TiB2) fractured predominantly by inter and
ransgranular pattern. Among the investigated material composi-
ions, TiB2–5 wt.% TiSi2 exhibited better strength (∼479 MPa)
roperties due to its high sinter density and intergranular mode
f fracture at 500 ◦C.

At 1000 ◦C, the strength values decreased for all the samples
xcept the reference monolithic TiB2 (hot pressed at 1800 ◦C)
nd TiB2–2.5 wt.% TiSi2. However, the flexural strength of
round 314 MPa can be retained in other TiB2–TiSi2 compos-
tes. The decrease in flexural strength values of TiB2 composites
t 1000 ◦C can be attributed to grain pullouts and microcracking,
hile all the materials fractured mainly via intergranular mode
f fracture.
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