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bstract

n densifying non-oxide high temperature ceramics, like titanium di-boride (TiB2), the type and amount of sinter-aid critically determine the
icrostructural developments and consequently the mechanical properties. In this perspective, the present work is carried out to assess the feasibility
hether MoSi2 addition (up to 10 wt.%) can potentially improve the mechanical properties (hardness, fracture toughness, flexural strength), while

nhancing the densification behaviour of TiB2. In order to answer such an important issue and to understand the mechanisms contributing to the
ariations in mechanical properties, we have evaluated sharp instrumented indentation response (2 N load) of a range of hot pressed TiB2–MoSi2

ompositions. In addition, the Vickers indentation data obtained at macro load (up to 100 N) are also analyzed. Our experimental results reveal
hat the addition of only 2.5 wt.% MoSi2 to TiB2 results in the attainment of high sinter density (>99% ρth), after hot pressing at 1700 ◦C. The
ense TiB2–2.5 wt.% MoSi2 composite composition has been found to possess a good combination of mechanical properties, including high
ardness (Hv5∼30 GPa) and moderate fracture toughness (∼6 MPa m1/2). Furthermore, the four-point flexural strength values vary in the range of
70–400 MPa, with the maximum value for 2.5 wt.% MoSi2 containing composite. Interestingly, an increase in the additive (MoSi2) content above
wt.% degrades the mechanical properties. The degradation in mechanical properties has been attributed to the presence of secondary phases

Ti5Si3, Mo5Si3) and its effect has been critically analyzed. The mechanical response data, recorded using depth sensing instrumented Vickers
ndenter has been analyzed in the light of the elastic/plastic work done, and the elastic modulus (E) values, as computed from the initial slopes

f unloading curves, have been found to vary in the range of 460–500 GPa. Additionally, the analysis of macro Vickers hardness measurements
eveal ‘indentation-size effect’, which has been discussed in terms of mechanical response at the indented zone, and in correlation with the material
roperties.

2008 Elsevier Ltd. All rights reserved.

eywords: TiB2; MoSi2; Hot pressing; Phase evolution; Mechanical properties
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. Introduction

TiB2 is a material of growing interest amongst the various
ltra-high temperature ceramics (UHTC), due to its character-
stic high melting point (∼3200 ◦C), high hardness and strength
etention at elevated temperatures, good thermal and electrical
onductivities and high wear resistance.1–4 This unique combi-

ation of properties renders TiB2-based materials suitable for a
ide range of technological applications, such as armor mate-

ials, wear components, conductive coatings, cathode materials

∗ Corresponding author. Tel.: +91 512 2597771; fax: +91 512 2597505.
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or Hall-Heroult cell, aluminum evaporation boats and electro
ischarge machining (EDM) electrodes.

However, consolidation difficulties and poor fracture
oughness (∼4 MPa m1/2) generally restrict their widespread
pplications. The densification of monolithic TiB2 requires
xtremely high sintering temperatures of up to ∼2100 ◦C and
ong holding times due to the predominant covalent bond-
ng and the low self diffusion coefficient.2,5–9 Such extreme
rocessing conditions result in exaggerated grain growth of
he as-sintered materials, leading to degradation of mechanical

roperties.9,10 Till date, most research efforts, concerned with
intering of TiB2-based materials at relatively lower tempera-
ures, have explored the use of various metallic binders (Fe, Ni,
r, Co).2,5,7,8,11–13 Though such experiments have demonstrated

mailto:amartya.28nov@gmail.com
dx.doi.org/10.1016/j.jeurceramsoc.2008.06.030
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he possibility of obtaining dense TiB2-based cermets at lower
emperatures, the presence of metallic sinter-additives result in
ignificant degradation of the high temperature properties and
orrosion resistance of TiB2.

To overcome such limitations, in recent times, efforts
ave been directed towards exploring the possibilities of
btaining dense TiB2-based ceramics, with better mechanical
roperties, by replacing metallic binders with ceramic sinter-
dditives.2,14–19 It has been observed that while use of metallic
hases in very limited amounts (<2 wt.%) permits near the-
retical densification of TiB2, comparatively higher amounts
>5 wt.%) of ceramic additives are required to obtain simi-
ar sinter densities.2 Furthermore, the published results reveal
hat incorporation of ceramic sinter-additives, above a criti-
al fraction, often results in deterioration of the mechanical
roperties.2,14,15 In this backdrop, although there are lim-
ted reports concerning the mechanical properties possessed
y TiB2-based materials containing different ceramic sinter-
dditives,2,14–19 critical analysis of the correlation between
he amounts of ceramic additives present and their effects on
he microstructural development and concomitantly the various

echanical properties of TiB2 is currently lacking.
Following our previous results of TiB2–(10–20) wt.%

oSi29 and in the light of literature results implying deteriora-
ion of mechanical properties at higher additive contents,2,14,15

n the present work we have attempted to explore the possi-
ility of developing dense (>99% ρth) TiB2-based ceramics,
ith improved mechanical properties, using lesser amount of
oSi2 (up to 10 wt.%). The mechanical properties of the devel-

ped TiB2-based materials, reinforced with different amounts
f MoSi2 additive (0–10 wt.%), have been investigated in detail.
t must be pointed out here that MoSi2 has been selected as
inter-additive, due to its good combination of properties like,
igh melting point (∼2020 ◦C), good oxidation resistance (up
o 1700 ◦C) and good thermal and electrical conductivities.20

ased on the analysis of the correlation between phase evolu-
ion and mechanical behaviour results, we have made an attempt
o critically explore the effects of MoSi2 content on the resultant

echanical properties, which allow us to optimize the sintering
arameters and composition to develop TiB2-based ceramics
ith superior performance.

. Experimental details

.1. Starting powders

The starting powders used in the present work are in-house
rocessed TiB2 and MoSi2. TiB2 powders were synthesized via
oron carbide reduction reaction of commercial TiO2 powders
>99% purity, Merck, Germany), B4C (in-house synthesized)
nd high purity (>99% purity) petroleum coke (M/s Assam car-
on, Guwahati, India). MoSi2 was synthesized from elemental
owders Mo (>99% purity, supplier Leco Industries, USA) and

i (>99% purity, supplier Merck, Germany). More details of
reparation of the starting powders are reported elsewhere.9

The presence of oxygen (∼0.5 wt.%), carbon (∼0.6 wt.%)
nd nitrogen (∼0.6 wt.%), as the major impurities in the as

V
l
u
p

ean Ceramic Society 29 (2009) 505–516

ynthesized TiB2, were determined by vacuum fusion analysis
echnique (Leco Industries, USA). The mean particle diameters
nd specific surface areas of the starting powders were eval-
ated using the laser particle analyzer (analysett 22) and BET
COULTER, SA300), respectively. The TiB2 powders possessed
n average particle size (D50) of 2 �m and specific surface area
.491 m2/g, while the coarser MoSi2 powders were character-
zed by D50 of 3.4 �m and specific surface area of 0.289 m2/g.

.2. Processing

TiB2 and MoSi2 powders were ground and mixed, using WC
rinder, in proportions corresponding to various compositions
TiB2–x wt.% MoSi2; x = 0, 2.5, 5, 7.5 and 10). The sintering
f the monolithic TiB2, and TiB2 ceramics containing various
roportions of MoSi2 sinter-additive, were performed via hot
ressing (HP). The hot pressing experiments were carried out
sing 12.2 mm diameter graphite die, in vacuum (10−5 Pa) with
maximum applied pressure of 30 MPa at the holding tempera-

ure. Holding temperature was varied between 1600 and 1800 ◦C
heating rate: 15 ◦C/min), with a holding time of 1 h. After
he completion of sintering, vacuum and pressure were main-
ained till the end of cooling. The thickness of the hot pressed
ellets were ∼7–9 mm. Additionally, in order to make flexu-
al strength test samples, hot pressed disks of 65 mm diameter
nd 5 mm thickness were fabricated. For further characteriza-
ions, specimens of required dimensions were machined using
ire cut electric discharge machining (EDM). In the follow-

ng, the ceramic composites hot pressed from starting powders
ontaining TiB2–x wt.% MoSi2 are referred to as TxM.

.3. Characterization

The densities of samples were measured in water according
o Archimedes’ principle. For estimating the % densification
%ρth), the measured densities were compared with the theoret-
cal densities, estimated using rule of mixture for the composites.
he phase identification was performed by X-ray diffraction

XRD) using Cu K� radiation (Rigaku, Japan). Microstructural
bservations of the polished as well as fractured surfaces were
erformed using scanning electron microscopy (FE-SEM, JSM-
330F). For revealing the TiB2 grains, polished surfaces of some
f the samples were chemical etched using 10 HCl–1 HNO3
queous solution at room temperature for 15 s. Detailed compo-
itional analysis of the various observed phases was performed
sing Energy Dispersive Spectrometer (EDAX, JSM-6330F),
ttached with SEM.

In order to measure the hardness and toughness, smoothly
olished surfaces were subjected to Vickers Indentation, with
ndent load varying between 2 and 100 N (dwell time: 15 s),
sing a Universal Hardness tester. For further understanding of
he mechanical behaviour, depth sensing instrumented indenta-
ions was performed, at a peak load of 2 N, using an instrumented

ickers indenter (CSM international, MTT SN: 02-0113). The

oad vs. penetration depth curves was obtained at a loading and
nloading rate of 0.017 N/s, with a holding time of 15 s at the
eak load. The fracture toughness was evaluated by crack length
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easurement of the radial crack pattern formed around Vick-
rs indents, adopting formulation proposed for radial-median
rack systems, by Anstis et al.21 It is to be noted here that,
ince the c/a (where c = half crack length of a radial crack and
= half diagonal length of an indent) ratios, calculated from

he SEM images of the indentation induced cracking, are ≥3,
he developed crack system can be classified as radial-median
half-penny cracks).21–25 The reported values are the average of
ata obtained from at least five indentation tests. Furthermore,
he indentation damage behaviour of materials was studied in
etails using SEM. For flexural strength measurements, spec-
mens were machined into bar shapes with dimensions of
mm × 4 mm × 40 mm. The edges of all the specimens were
hamfered, to minimize the effect of stress concentration due to
achining flaws. The flexural strengths were measured in a four-

oint bending configuration, at a crosshead speed of 0.5 mm/min
nd inner and outer spans of 10 and 30 mm, respectively, using a
niversal testing machine (INSTRON 4465, USA). The reported
exural strength values are an average of at least five samples.

. Results

.1. Densification, phase evolution and microstructure

The sinter densities (as % densification; % ρth) of the hot
ressed samples are presented in Table 1. It can be observed
hat monolithic TiB2 could be densified to only ∼ 91% of the
heoretical density on hot pressing at 1700 ◦C. However, raising
he temperature to 1800 ◦C results in achieving ∼96% ρth with

onolithic TiB2 (HP; 1800 ◦C), which is in accordance with ear-
ier reports.9,26,27 Further observation of Table 1 reveals that the
ddition of only a small amount (2.5 wt.%) of MoSi2 to TiB2
T2.5M) leads to the achievement of ∼99% ρth, even on hot
ressing at the lower temperature of 1700 ◦C. Hence MoSi2, as
inter-additive, is effective in obtaining near theoretical densifi-
ation of TiB2-based ceramics at lower processing temperature.
owever, with the increase in MoSi2 additive content (up to
0 wt.%), the sinter densities (HP; 1700 ◦C) appear to decrease
o a modest extent, although the densities of all the MoSi2 con-
aining composites are still higher than that of monolithic TiB2
HP; 1800 ◦C).

XRD patterns, recorded with the hot pressed samples are
resented in Fig. 1a. The characteristic peaks, corresponding
o only TiB2, can be observed in the pattern obtained with hot
ressed monolithic TiB2. However, XRD investigation of the hot
ressed MoSi2 containing TiB2 ceramics (HP; 1700 ◦C) reveals
he presence of Ti5Si3 and Mo5Si3, in addition to major phases
TiB2 and MoSi2). The various secondary phases present in the
iB2-based composites are reported in Table 1. From the relative

ntensities of the XRD peaks, it can be qualitatively envisaged
hat the amounts of the secondary phases present (in particular,

o5Si3 and Ti5Si3) after hot pressing considerably increase with
he initial MoSi2 content of the starting powders (see Fig. 1a).

ince no such secondary phases could be detected either in the
tarting powders (not shown) or in hot pressed monolithic TiB2,
t can be realized that such phase formation is mainly due to
intering reaction between TiB2 and MoSi2. The discussion on
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Fig. 1. (a) XRD patterns recorded with hot pressed monolithic TiB2 (1), T5M (2) and T10M (3), showing the presence of various reaction product phases in the
MoSi2 reinforced TiB2-ceramics; (b) secondary electron mode SEM micrograph of polished-etched surface of monolithic TiB2 (HP; 1800 ◦C) showing the presence
of equiaxed grains of nearly similar sizes; and (c) back scattered SEM micrograph obtained from the polished surface of T5M, hot pressed at 1700 ◦C. EDS patterns
recorded from the different microstructural phases are also shown.
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Fig. 2. Secondary electron SEM images of fractured surfaces obtained during
room temperature flexural tests of (a) monolithic TiB2 (HP; 1800 ◦C); (b) T5M
and (c) T10M (HP; 1700 ◦C). Note the effect of secondary phases content on
A. Mukhopadhyay et al. / Journal of the E

ossible sintering reactions is beyond the scope of the present
aper.

Fig. 1b presents a representative SEM micrograph of pol-
shed and etched surface of hot pressed monolithic TiB2 (HP;
800 ◦C). From the SEM micrograph, no evidence of any sec-
ndary phase can be found. Careful observation of the grain
orphology reveals that the grains are fairly equiaxed in shape
ith the grain sizes varying between 2 and 3 �m. Typical back

cattered SEM (BSE) micrograph, along with EDS patterns
ollected from specific microstructural regions present on the
olished and chemically etched surfaces of the MoSi2 con-
aining TiB2 (T5M), is shown in Fig. 1c. The BSE contrast,
long with the etching induced topography, reveals the presence
f three distinct phases. In correlation with the XRD results
Fig. 1a), the EDS patterns obtained from the respective phases
ndicate that the grey phase, constituting the major area frac-
ion of the micrographs, corresponds to TiB2, while the phase
ppearing brightest in contrast and located in the intercrystalline
egions as well as within the matrix (TiB2) grains corresponds
o MoSi2. A fraction of the bright regions might also corre-
pond to the reaction product phase, Mo5Si3. One of the most
otable observations is the presence of a still different phase
long the grain boundaries and triple points of the matrix TiB2
rains. EDS patterns obtained from such intergranular phase
hows the presence of stronger Ti and Si peaks (Fig. 1c). Such
icrostructural and EDS observations, in cognizance with the
RD results (Fig. 1a), reveal that the phase corresponds to the

eaction product phase, Ti5Si3, which is located mostly along the
ntercrystalline regions of the TiB2 grains. The matrix grain sizes
f these TiB2-based composites are found to vary between 2 and
�m.

Observation of the fractured surface of monolithic TiB2
HP; 1800 ◦C), as obtained from room temperature flexural
trength tests, reveals a predominantly intergranular mode of
racture, with very minimal contribution from transgranular
racture mode (Fig. 2a). However, the fracture mode changes
onsiderably with increase in the additive content. The fractured
urfaces of the composites reveal a predominant contribution
rom transgranular fracture (Fig. 2b and c). Furthermore, on
ritical observation it becomes obvious that, as compared to
he fractured surface of T5M (Fig. 2b), the fractured surface
f T10M (Fig. 2c) reveals some additional contribution from
he intergranular fracture mode. The reasons are discussed in
ection 4.

.2. Hardness properties

The mechanical properties of the various hot pressed TiB2-
ased ceramics/composites, developed in the present work, are
eported in Table 1. It can be observed that, regardless of
he indent load (2, 50 or 100 N), the hardness of the TiB2-
ased materials follow a nearly constant trend in variation
ith MoSi2 additive content and sinter density. In correla-
ion with the densification result, an increase in hot pressing
emperature from 1700 to 1800 ◦C leads to improvement of
ardness (Hv5) of monolithic TiB2 from ∼20 GPa (91% ρth) to
29 GPa (96% ρth). Furthermore, with addition of only small

the fracture mode.
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mount (2.5 and 5 wt.%) of MoSi2 (sinter-additive), modest
mprovement in hardness (Hv5∼30 GPa) can be noticed for the
omposites, sintered at the optimized hot pressing temperature
f 1700 ◦C. It is pertinent to note that, even though MoSi2 is
ofter (Hv∼13 GPa)28 than TiB2, addition of small amount of
oSi2 to TiB2 does not have detrimental effect on the hardness.

his can be attributed to the considerable improvement in sinter
ensity (∼99% ρth) on reinforcement with 2.5–5 wt.% MoSi2.
owever, it is observed that hardness decreases significantly
ith further increase in MoSi2 additive content. The synergis-

ic effect of decrease in sinter density, along with the presence
f higher volume fraction of softer MoSi2 and other reaction
roduct phases, is responsible for this abasement of hardness
t MoSi2 (sinter-additive) content >5 wt.%. A comparison of
he hardness possessed by TiB2-based ceramics, using MoSi2
s sinter-additive, with those achieved on using other ceramic
inter-additives is presented in Fig. 3. The variation of hard-
ess with amount of other ceramic sinter-additives correlates
ell with the current observation. More importantly the use
f MoSi2 as additive, in comparison to other ceramic sinter-
dditives, results in higher hardness of TiB2-based ceramics.
onsideration should also be given to the fact that the rela-

ively finer grain sizes (∼3 �m) of the present materials also
ontributes to higher hardness.

An interesting observation has been the considerable
eduction in hardness of the hot pressed TiB2-based ceram-
cs/composites, as measured with Vickers indents obtained with
ncrease in indent load (2–100 N). A plot showing the vari-
tion in measured hardness with indent load is presented in
ig. 4. It can be noted that monolithic TiB2 (HP; 1800 ◦C)
nd MoSi2 reinforced TiB2-based composites (HP; 1700 ◦C)
xhibit comparatively higher hardness as measured with Vick-
rs indents obtained at the lower indent loads than those
btained at higher loads. However, monolithic TiB2, hot pressed

◦
t 1700 C, exhibit very low hardness at all indent loads,
hich does not vary with load to any noticeable extent. Such

nteresting observations will be more critically analyzed in
ection 4.

ig. 3. Variation of Vickers hardness of TiB2-based ceramics reinforced with
arying amount of different ceramic sinter-additives.

V
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s

ig. 4. Variation of Vickers hardness with indent load for monolithic TiB2 (HP;
800 ◦C) as well as monolithic TiB2 and TiB2-based ceramics, reinforced with
he various amounts of MoSi2 (HP; 1700 ◦C).

.3. Depth sensing instrumented indentation response

Some useful mechanical property data, along with critical
nalysis of indentation response, have been extracted from load
s. penetration depth measurements, performed at a peak load
f 2 N, using instrumented Vickers indenter (see Fig. 5a). It can
e observed that the variation of residual indentation depths,
fter completion of the unloading cycle, correlates well with
he measured hardness variation with MoSi2 content. Here it

ust be recalled that hardness is an indication of the amount
f plastic deformation occurring in a given material at a partic-
lar indent load. Hence, using the load vs. penetration curves
P–d curves), an exploratory attempt has been made to inves-
igate the correlation between the experimentally determined
ickers hardness values (Hv0.2; measurement of indent diagonal

engths), with the estimated plastic work done under the indent
oad, for all the densified materials. Following the methodology
sed by Chollacoop and co-workers,29 area under the loading
urve is considered to be the total work done during indentation
Wt), with the area under the unloading curve being the recov-
red elastic work (We). The net plastic work performed during
ndentation, at the specified load (Wp), can be obtained as

p = Wt − We (1)

The characteristic areas corresponding to We and Wp are
ndicated in a typical P–d curve shown in Fig. 5b and the corre-
ponding values, for the investigated TiB2-based ceramics, are
eported in Table 2. A plot representing the variation of the Wp,

e and Hv0.2, with wt.% MoSi2 sinter-additive content is shown
n Fig. 5c. It can be clearly noticed that reduction in hardness,
ith increase in MoSi2 content, correlates well with the increase

n residual plastic work performed during indentation. Further

iscussion, relating material properties with the various works
one during indentation will be presented in Section 4.

The elastic moduli (E) values, derived from the estimated
ystem modulus by measurement of slopes of the initial part
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Table 2
The various works done (Wt, We and Wp) and elastic modulus (E), of the densified TiB2-based ceramics, as determined from instrumented indentation experiments,
performed at a peak load of 2 N

Composition Hot pressing
temperature
(◦C)

Residual plastic work
(Wp) (×10−6 J)

Recovered elastic
work (We) (×10−6 J)

Total work done (Wt)
(×10−6 J)

Elastic modulus (E) (GPa)

Monolithic TiB2 1800 0.701 ± 0.035 0.668 ± 0.037 1.369 ± 0.039 497 ± 15
T2.5M 1700 0.664 ± 0.014 0.721 ± 0.021 1.385 ± 0.022 486 ± 11
T 727 ±
T 728 ±
T 731 ±
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5M 1700 0.688 ± 0.017 0.
7.5M 1700 0.789 ± 0.021 0.
10M 1700 0.894 ± 0.027 0.

f the unloading curves, are reported in Table 2. We have fol-
owed the methodology proposed by Oliver and Pharr.30,31 The
alculations of E were performed by assuming a Poisson’s ratio
f 0.2 for the TiB2-based ceramics. The detailed procedures
or estimating elastic modulus from P–d curves are mentioned
lsewhere.30–34 It must be noted that the elastic modulus value of
500 GPa, as estimated from the unloading part of the P–d curve

or monolithic TiB2 (HP; 1800 ◦C), agrees well with the values
reviously reported using more conventional techniques.2,18,27

urthermore, E-modulus considerably decreases with the addi-
ion of MoSi2 sinter-additive, which can be expected in light of
he lower stiffness of MoSi2 and the other secondary phases, as
ompared to TiB2.2

.4. Fracture toughness and flexural strength

Fracture toughness, as obtained via short crack method,25

long with the flexural strengths (four-point bending), of the
iB2-based ceramics are presented in Table 1. In general,

he investigated materials exhibit modest toughness varying
etween 4 and 6 MPa m1/2. An important result is the possibility
f slight increment in fracture toughness (up to ∼6 MPa m1/2) of
he nominally brittle TiB2 ceramics, with small amount of MoSi2
ddition (2.5 wt.%). However, the fracture toughness decreases
ith further increase in MoSi2 content. From the plot (Fig. 6),

omparing these fracture toughness values with those previously
chieved by using other ceramic additives,14–18 it can be fur-
her observed that toughness increment can be achieved at some
ptimum reinforcement content, beyond which toughness gen-
rally deteriorates, irrespective of the sinter-additive. Regarding
exural strength, Table 1 reveals that it nearly follows nearly
imilar trend, as fracture toughness, in variation with MoSi2
inter-additive content. It must be noted that the optimized com-
osition, T2.5M, possess a flexural strength (∼400 MPa), which
s comparable with most high performance structural ceramic

aterials.28 The reasons behind such effects of the amounts of
oSi2 sinter additive on the fracture behaviour of the TiB2-

ased composites are discussed in Section 4.

. Discussion
.1. Fracture properties

It has been observed that presence of the secondary phases
nfluences the crack propagation path. Such evidences can

n
t
p
(

0.019 1.415 ± 0.025 479 ± 12
0.023 1.516 ± 0.028 464 ± 17
0.025 1.625 ± 0.031 459 ± 16

e found from the fractured surfaces shown in Fig. 2, and
he BSE micrograph, corresponding to a polished surface of
10M, as shown in Fig. 7. From the fractured surfaces (Fig. 2),

t is evident that on reinforcement with MoSi2, the fracture
ode changes from a primarily intergranular to a predomi-

antly transgranular mode. It must be noted here that coefficient
f thermal expansions (α) of MoSi2 (∼8 × 10−6 K−1)28 and
o5Si3 (5 × 10−6 K−1),35 are lower than the α, correspond-

ng to the ‘c’-axis, of the hexagonal TiB2 (∼10 × 10−6 K−1).5

ue to such mismatch in α, modest tensile residual stresses
ill be generated within some of the TiB2 grains and compres-

ive residual stresses within MoSi2 or Mo5Si3, during cooling
rom the hot pressing temperature. The presence of tensile
adial stresses within the TiB2 matrix grains weakens the grain
nteriors, while the grain boundaries are concomitantly strength-
ned due to action of net compressive residual stresses from
ither side. As a result, the crack is impeded from propagat-
ng along the grain boundaries (otherwise easier propagation
ath) and deflected towards the grain interiors. Such effects,
aused by the presence of MoSi2 and Mo5Si3, increase the
ropensity for transgranular fracture with respect to intergran-
lar fracture. Since fracture energy for cleavage (transgranular)
racture is comparatively higher than that for grain boundary
intergranular) fracture, this change in fracture mode results
n modest increase in fracture toughness. More evidences of
hange in fracture mode to transgranular (indicated by arrows),
n the presence of MoSi2 and Mo5Si3 (phases with brighter
ontrast), can also be found on observation of the Vickers inden-
ation (at 100 N) induced crack paths, as shown in Fig. 7.
nother mechanism, responsible for the possible toughness

ncrement is crack bridging by the secondary phases. Evidence
f considerable impedance to crack propagation, and even com-
lete arrest of a propagating crack, on interaction with MoSi2
nd Mo5Si3 can be easily observed (indicated by dots) from
ig. 7.

However, for higher MoSi2 containing composites, presence
f slightly higher fraction of porosities and brittle reaction prod-
cts lead to somewhat reduction in interfacial strength of some
f the grain boundaries (also see Section 4.2). As a result, some
dditional contribution of intergranular fracture, at higher MoSi2
ontent (Figs. 2c and 7), may mask the effects of the mecha-

isms causing resistance to crack propagation. Hence, fracture
oughness improvement is not noticeable in TiB2-based com-
osites, reinforced with higher amount of MoSi2 sinter-additive
>5 wt.%).
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Fig. 5. (a) Load vs. penetration depth (P–d) plots, recorded for monolithic TiB2

(HP; 1800 ◦C) and TiB2-based composites (HP; 1700 ◦C) during instrumented
Vickers indentation at a peak load of 2 N. (b) The areas corresponding to recov-
erable elastic work (We) and residual plastic work (Wp), performed during the
instrumented indentation are indicated in a typical P–d plot. (c) The varia-
tion of the measured Vickers hardness (Hv0.2), We and Wp, with wt.% MoSi2
(sinter-additive), as determined from the P–d curves of the densified (>95% ρth)
TiB2-based ceramics is presented.

F
a

4

p
s
T
w
e
c
d
n
c

t
(

F
T
a
c
(
M
c

ig. 6. Comparison between the fracture toughness achieved on using varying
mounts of MoSi2 and other ceramic additives as reinforcements for TiB2.

.2. Residual strain

Another possible effect of the presence of the secondary
hases arises from the appreciable coefficient of thermal expan-
ion mismatch (�α) between Mo5Si3 (α ∼ 5 × 10−6 K−1)35 or
i5Si3 (α ∼ 22 × 10−6 K−1)36 and TiB2 (α ∼ 10 × 10−6 K−1),5

hich results in the development of considerable elastic strain
nergy at the TiB2/Ti5Si3 and TiB2/Mo5Si3 interfaces during
ooling from the fabrication temperature. Such residual strain
eveloped at the grain boundaries might in turn lead to sponta-
eous grain boundary microcracking, if the strain exceeds some
ritical value (εgbc).37

The differential strain (εgb) set up near a grain boundary, due

o coefficient of thermal expansion mismatch between the grains
phases) on either side of the boundary, is given by the following

ig. 7. Back scattered SEM image, corresponding to the polished surface of
10M, showing the influence of MoSi2 sinter-additive on the propagation of
Vickers indentation (at 100 N) generated crack. Evidences of changes in

rack path from intergranular to transgranular in the vicinity of MoSi2/Mo5Si3
brighter contrast) are indicated by arrows. Furthermore, crack bridging by

oSi2/Mo5Si3 reinforcements is clearly observed and such evidences are indi-
ated by dots.
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xpression37:

gb = �α �T

(1 − ν)
(2)

here �T is the temperature range over which the strain devel-
ps and ν is the Poisson’s ratio (∼0.2). In the present case,
ssuming that negligible plastic relaxation occurs for these
ltrahard materials, �T corresponds to the difference between
he hot pressing temperature and the final room temperature,
nd is approximately equal to 1650 ◦C. Now, considering that
α between TiB2 and Ti5Si3 is ∼12 × 10−6 K−1 and that

etween TiB2 and Mo5Si3 is ∼5 × 10−6 K−1, the elastic strains
eveloped at the respective interfaces are ∼24.9 × 10−3 and
10.4 × 10−3. On the other hand, the �α between TiB2 and
oSi2 is ∼2 × 10−6 K−1; which results in the development of
comparatively lesser strain of ∼4.2 × 10−3 at the TiB2/MoSi2

nterface.
Following the model proposed by Clarke,38 the critical elastic

train (εgbc), set up near a grain boundary, resulting in sponta-
eous fracture along the boundary is given by

gbc =
(

24γgb

Elb

)1/2

(3)

where, γgb is the grain boundary fracture energy, E is the
lastic modulus and lb is the length of the common interface
etween the two phases.

On close observation of the various micrographs showing the
hase assemblage in the TiB2-based composites, the average
ength of the common interface between the grey (TiB2) phase
nd the brighter (Ti5Si3/Mo5Si3 or MoSi2) phases (lb) is found
o be nearly ∼1 �m. Assuming γgb as ∼1 J/m2, εgbc for the TiB2-
ased composites can be roughly estimated to be ∼7.2 × 10−3,
hich is lower than the elastic strains possibly developed at the
iB2/Ti5Si3 and TiB2/Mo5Si3 interface. Hence, the above cal-
ulations reveal that, although the TiB2/MoSi2 interfaces seem
o be resistant from cracking, relatively larger residual strains
long the TiB2/Ti5Si3 and TiB2/Mo5Si3 interfaces can lead to
icrocracking, especially at the indentation stress field.
As observed from the micrograph (Fig. 1c), due to the pres-

nce of higher volume fraction of TiB2/Ti5Si3 and TiB2/Mo5Si3
nterfaces, such interfacial cracks are bound to have a consider-
ble influence on the mechanical behaviour of the TiB2-based
omposites developed from starting powders containing higher
mount of MoSi2. Accrued presence of such intergranular cracks
hould partially account for the deterioration of the fracture
roperties in the higher MoSi2 containing ceramics. In fact,
he observation of the additional contribution of intergranular
racture mode to the fracture of T10M, as compared to that
f T5M, is in support of this argument (see Fig. 2). Hence,
lthough MoSi2 itself does not seem to result in degradation

f the fracture properties of TiB2-based composites, presence
f considerable volume fraction of the reaction product phases
eteriorates the fracture properties of TiB2 above an optimum
oSi2 sinter-additive content.

m
(
t
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.3. Work of indentation

From Table 2, it can be observed that with increase in MoSi2
inter-additive content, the total work done (Wt; estimated
rom the load vs. penetration (P–d) curves) during indentation
ncreases. This is expected in light of the combination of lower
tiffness and hardness of the secondary phases (MoSi2, Mo5Si3
nd Ti5Si3), which aids increased elastic as well as plastic defor-
ation, respectively. However, Table 2 and Fig. 5c reveal that the

mount of permanent plastic work (Wp; manifested in the form
f permanent plastic depth remaining after complete removal
f the load) is lower for the T2.5M and T5M composites with
espect to that of monolithic TiB2. Such observations are in
ccordance with the improvement in densification and hard-
ess on reinforcement with small amount (2.5 and 5 wt.%) of
oSi2. On the contrary, due to lower densification and presence

f comparatively more amount of softer secondary phases, sig-
ificantly larger amount of plastic work done can be performed
uring indentation of the higher MoSi2 (>5 wt.%) reinforced
omposites. Another plausible reason for the accrued permanent
eformation in these (higher MoSi2 containing) composites lies
n the presence of larger fraction of the brittle reaction prod-
ct phases (Ti5Si3 and Mo5Si3), which might have resulted in
he release of considerable amount of elastic strain energy via
rittle fracture (microcracking) in the deformation zone. This
uppresses the elastic recovery on release of the indentation load,
hich further contributes towards the significant increase in the
easured residual plastic work, and hence reduction in hardness

Hv), for such materials.
With regard to the recovered elastic work done during inden-

ation (We), it is observed that with addition of 2.5 wt.% MoSi2,
he elastic deformability increases quite sharply (as envisaged
rom the increased elastic recovery; Fig. 5c). However, with
urther increase in MoSi2 sinter-additive content, a modest incre-
ent in We is noticed and most part of the work done during

ndentation remains as residual plastic work. Comparison of
his observation with the variation of elastic modulus, with

oSi2 content (Table 2), does not totally agree with the nor-
ally expected inverse relationship between recoverable elastic

eformation and E. We believe that this discrepancy once again
ies in the presence of considerably higher volume fraction of
he secondary phases in such composites. Possible fracturing
n the deformation zone might result in increased unrecover-
ble (plastic) macro-deformation. In other words, although the
nitial elastic deformation might have been more pronounced
or such composites, the enhanced release of the elastic strain
nergy via brittle fracture restricted the recovery to some extent
pon unloading. Hence, the measured elastic recovery might
ot exactly account for the elastic deformability of these higher
oSi2 containing composites.

.4. Indentation-size effect
The experimentally measured Vickers hardness values, esti-
ated using indentations performed at varying indent loads

2–100 N), have revealed considerable variation with indenta-
ion load for all the materials (see Table 1 and Fig. 4). It has been



514 A. Mukhopadhyay et al. / Journal of the Europ

Fig. 8. Typical Vickers indents obtained on T2.5M (HP; 1700 ◦C) at indent loads
of (a) 2 N, (b) 50 N, (c) 100 N. Note the presence of concentric array of cracks,
running parallel to each other, within the indent (at the indent faces) obtained at
100 N.
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bserved that hardness decreases with increasing indent load and
herefore, all the densified materials exhibit ‘indentation size
ffect’. Such size/load effects of Vickers hardness for different
eramic materials have also been reported earlier,39–41 whereby
uch observations have been attributed to the occurrence of the
asier process of multiplication of sufficient number of pre-
xisting elements of plasticity (dislocations, twins) at higher
oads, in contrast to the more difficult process of generating new
islocations in the vicinity of indents at lower loads. Though
e do not completely preclude the possibility of such occur-

ences leading to the indentation ‘load/size effect’ observed in
ur materials, here we propose another mechanism which should
efinitely account for the present observations, especially in light
f the fact that the materials under consideration are hard and
rittle covalently bonded ceramics.

Careful observation of the Vickers indentations, obtained at
he various loads (see Fig. 8), reveal that indentations obtained
ith T2.5M, at the lower indent loads of 2 and 50 N are nearly

perfect’ (Fig. 8a and b). Other than the radial cracks emanat-
ng from the corner of such indents, no additional cracking can
e observed in the vicinity of the ‘plastically’ deformed region.
owever, in addition to such radial cracking, presence of a con-

entric array of cracks, running parallel to each other, can be
bserved within the indents (at the faces) obtained at an indent
oad of 100 N (Fig. 8c). The above observations point towards
he increased severity of surface and subsurface cracking, in the
icinity of indents, with increase in indent load. It must be noted
hat in addition to suppressing elastic recovery due to release of
train energy, such considerable crack openings (at the indent
aces) result in additional displacements, which is manifested at
he macro level as permanent (plastic) deformation. These obser-
ations further support and supplement the arguments developed
bove that such enhanced cracking, occurring during indentation
ycle and remaining after removal of indentation load, contribute
o the additional permanent (residual) deformation measured
t the higher indent load. It must also be mentioned here that
itcher et al.41 recorded a similar observation of intergranular
racking within Vickers indents, obtained at higher loads on
ransition metal carbides. Such cracking was believed to con-
ribute towards the measured permanent deformation and hence
he estimated comparatively lower hardness values. Hence, cor-
elation of the hardness behaviour with critical observation of
he Vickers indents of the respective materials obtained at differ-
nt indent loads, provide evidences in support of the view that
ccurrence of microcracking in the vicinity of indents influences
he residual macro-deformation and concomitantly the measured
ardness of these hard and brittle materials.

. Conclusions

The present research, devoted towards the in-detail study
f the effects of sinter densities, composition (MoSi2 sinter-
dditive content), phase assemblage and microstructural

evelopment on the mechanical behaviour of TiB2-based ceram-
cs/composites, has lead to the following major conclusions.

The incorporation of 2.5 wt.% MoSi2, as sinter-additive,
n TiB2 leads to near theoretical densification and notable



urop

i
m
e
c

b
(
c
t

p
f
p
a
m
s
r
i
m
w

V
l
o
r
d
c
s
v
s

A

e
(
a
n
i

R

1

1

1

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

2

2

3

A. Mukhopadhyay et al. / Journal of the E

mprovements in the mechanical properties with respect to
onolithic TiB2. However, the degradation in mechanical prop-

rties with increase in MoSi2 content, beyond 5 wt.%, is
ritically recorded.

The optimized TiB2–2.5 wt.% MoSi2 exhibits good com-
ination of mechanical properties such as high hardness
Hv5 ∼ 29 GPa) and elastic modulus (E ∼ 490 GPa), along with
onsiderably improved fracture properties in terms of fracture
oughness (∼6 MPa m1/2) and flexural strength (∼400 MPa).

Critical analysis reveals that the degradation of mechanical
roperties correlate well with the presence of higher volume
raction of porosities (lower sinter densities) and brittle reaction
roduct phases (Ti5Si3 and Mo5Si3). The presence of Ti5Si3
nd Mo5Si3, having considerably different coefficient of ther-
al expansion with respect to TiB2, results in the development of

ignificant residual strain at the corresponding interfaces. Such
esidual strains are quite likely to lead spontaneous microcrack-
ng along such interfaces and hence play a role in degrading the

echanical behaviour of the TiB2-based composites, reinforced
ith higher volume fraction of MoSi2 (sinter-additive).
An important observation has been the considerably lower

ickers hardness, measured with indents obtained at higher
oads (100 N), as compared to those measured with indents
btained at lower loads (2 and 50 N) for all the densified mate-
ials. The extent of ‘indentation load/size’ effect is found to
epend on the relative amounts of the various microstructural
onstituents (MoSi2, secondary phases and porosity). The pos-
ible contribution of concentric cracking, as observed in the
icinity of the indents (faces) obtained at the higher loads, to
uch ‘indentation load/size effects’ has been demonstrated.
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