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ABSTRACT

The present study aims to evaluate and compare the effect of 5 vol.% TiC or WC

addition on densification, phase stability, microstructure, mechanical properties,

thermal residual stress and reciprocating wear behaviour of spark plasma-sin-

tered ZrB2-20 vol.% SiC composite. ZrB2–20SiC–5TiC (vol.%) composite attains

99.6% mean sintered density even at 1700 �C, while WC containing composites

(ZrB2–20SiC–2.5TiC–2.5WC and ZrB2–20SiC–5WC, vol.%) necessitates a sinter-

ing temperature of 1800 �C for[ 98% densification. Phase and microstructure

analyses confirm that respective incorporation of TiC and WC leads to in situ

formation of (Zr,Ti)B2 and (Zr,W)B2 solid solution in the sintered composite.

Elastic modulus and thermal expansion coefficients of the composites have been

estimated utilizing well-established analytical models. The thermal residual

stress of the sintered composites is determined analytically utilizing Taya’s

model and Hsueh’s model and compared with residual stress of SiC rein-

forcement determined by Raman spectroscopy. Nano-indentation analysis

confirms that the minimum resistance to deformation and maximum plasticity

index are observed in ZrB2–20SiC–2.5TiC–2.5WC composite due to its relatively

low elastic modulus. The maximum Vickers hardness is observed in ZrB2–

20SiC–2.5TiC–2.5WC composite, whereas an excellent combination of indenta-

tion toughness and indentation modulus is found in ZrB2–20SiC–5WC. Owing

to relatively high fracture toughness exponent and low brittleness index, ZrB2–

20SiC–5WC composite records the minimum wear volume and wear rate in

linear reciprocating wear test.
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GRAPHICAL ABSTRACT

Introduction

In order to realize the human ambition to explore and

inhabit the outer space in the future, many research

groups evince continued research interest to design

and develop thermal protection system for next-

generation hypersonic space vehicles [1, 2]. Owing to

extremely high melting point ([ 3000 �C) and most

attractive mechanical properties as well as oxidation

resistance at very high temperature ([ 1500 �C),
ultra-high-temperature ceramics (UHTC)—a special

class of advanced materials, are being explored as

structural material for critical applications [3]. ZrB2-,

HfB2-, TiB2-, ZrC-, HfC-based UHTCs are developed

either as independent structural components or as an

additive to C/C composites [3–5]. Amongst the pos-

sible candidates for development of UHTCs, ZrB2–

SiC system has received considerable and consistent

attention of various research groups across the world

[3, 6–8]. Due to strong covalent bonding and extre-

mely sluggish self-diffusion coefficient, the conven-

tional sintering of ZrB2 or its composites necessitate

very high sintering temperature (2150 �C) for pro-

longed duration (9 h), which invariably leads to

excessive grain growth and poor hardness (14.5 ± 2.6

GPa) [9]. To circumvent this hurdle, pressure assisted

densification routes like spark plasma sintering (SPS

[10]) or hot pressing (HP [11]) have been adopted by

several researchers for fabricating dense ZrB2-based

composites with a shorter sintering cycle. However,

relatively poor fracture toughness [12] of ZrB2-based

ceramic matrix composites is a matter of concern for

high-temperature structural applications in hyper-

sonic space vehicles. In order to improve sinterabil-

ity, fracture toughness, oxidation and/or ablation

resistance, many research groups have made exten-

sive efforts to assess the role of metallic [13], oxide

[14], carbide [15], nitride [16], silicide [17] and car-

bon-based additives [18] on ZrB2 or ZrB2–SiC UHTC

composites.

Lately, the present authors have demonstrated the

merit of Al alloy sinter additive on densification and

mechanical properties of ZrB2–SiC composite [13].

Amongst various additives, the role of WC on den-

sification, microstructure, mechanical and oxidation

behaviour of these composites has received signifi-

cant research attention globally in the past few years

[19–21]. Monteverde and Silvestroni [19] evaluated

the combined effect of WC and SiC reinforcement in

ZrB2 and reported high temperature flexural strength

of the composites. The ambient temperature flexural

strength of ZrB2-15WC (vol.%) and ZrB2–15SiC–5WC

(vol.%) composites was 631 ± 106 MPa and

543 ± 41 MPa, which decreased to 596 ± 53 MPa

and 426 ± 15 MPa at 1500 �C, respectively. The
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retention of high temperature strength in ZrB2-15WC

and ZrB2–15SiC–5WC composites was attributed to

the combined effect of evolution of core–shell struc-

ture and formation of (Zr,W)B2 solid solution. In hot

pressed ZrB2-20SiC-5WC (vol.%) composite, flexural

strength of 675 ± 33 MPa was reported by Zou et al.

[20] Lately, Silvestroni et al. [22] developed super-

strong ZrB2-3 vol.% SiC-5 vol.%WC composite by hot

pressing and observed the formation of (Zr,W)B2

shell surrounding ZrB2 core. The same study repor-

ted unusually high flexural strength (836 ± 103 MPa)

at 1800 �C due to grain refinement and formation of

core–shell structure.

In a recent study [23], the present authors have

demonstrated that 5–10 vol.% of TiC addition

improves densification, hardness, fracture toughness

and flexural strength of ZrB2–20SiC (vol.%) compos-

ites and reduces the sintering temperature by 200 �C.
In this context, it is worth noting that both TiC and

WC exhibit high melting point (ðTmÞTiC ¼ 3067 �C,
ðTmÞWC ¼ 2870 �C), excellent combination of hard-

ness (ðHÞTiC ¼ 28–35 GPa, ðHÞWC ¼ 18–22 GPa) and

elastic modulus (ðEÞTiC ¼ 410–510 GPa, ðEÞWC ¼ 600

GPa) [24, 25]. Despite resemblance in terms of

mechanical behaviour, there is no comparative anal-

ysis to examine the relative efficacy of TiC vis-à-vis

WC addition on structure–property correlation of

ZrB2–SiC composite. Furthermore, the utility of

combined addition of both WC and TiC in ZrB2–SiC

system has not been explored. Thus, a detailed

assessment of the suitability of TiC and/or WC as a

reinforcement material in ZrB2–SiC composite is now

warranted.

During launch or re-entry, the space vehicle may

experience collision with small but sharp particles or

debris, which can lead to abrasive or erosive wear of

the surface of the thermal protection system [26].

Therefore, it is extremely important to assess the

wear behaviour of the UHTC composites. Even

though the mechanical properties, thermal shock

resistance, oxidation and ablation behaviour of

UHTC composites have been explored by different

research groups [27, 28], relatively less attention has

been devoted towards tribological analysis of these

composites. Since this study evaluates the relative

effectiveness of TiC and WC as a prospective rein-

forcement in ZrB2–SiC composite, it is also desir-

able that the wear behaviour of these composites is

evaluated in addition to assessing microstructure,

hardness, elastic modulus and fracture toughness.

Therefore, the overall objective of the present study

is to evaluate the role of TiC and WC addition (inde-

pendently or in combination) on phase and

microstructure evolution, and measurement of hard-

ness, fracture toughness, elastic modulus, thermal

expansion coefficient and thermal residual stress ZrB2-

based composites consolidated by spark plasma sin-

tering. This will be the first report on comparative

evaluation of the effect of TiC and WC addition (in-

dependently and in combination) on structure–prop-

erty relationship of ZrB2–20 vol.% SiC composites.

Materials and methods

Fabrication of composites

In order to develop UHTC composites, high-purity

ZrB2, SiC, TiC and WC powders, as listed in Table 1,

were used as starting materials for the synthesis of

the composites.

In order to examine the relative effectiveness of TiC

and WC addition on densification and relevant

mechanical properties, three different compositions

were chosen, namely, ZrB2–20 vol.% SiC–5 vol.% TiC

(the base composite, hereinafter referred to as ZS5T),

ZrB2–20 vol.% SiC–2.5 vol.% TiC–2.5 vol.% WC

(hereinafter referred to as ZSTW) and ZrB2–20 vol.%

SiC–5 vol.% WC (hereinafter referred to as ZS5W).

Based on the compositions selected, the constituents

were mixed in the appropriate proportion in a mor-

tar–pestle for 30 min, followed by ball milling for 2 h

in high-energy planetary ball mill (Insmart) with 300

revolution per minute (rpm) speed and 10:1 ball to

powder weight ratio using WC coated steel vials. In

order to avoid oxidation and ensure homogeneous

grinding and mixing, analytical grade toluene was

used as process control agent. Furthermore, the ball

milling operation was stopped for 15 min after every

30 min of operation for avoiding excessive heating.

Table 2 summarizes the composition, nomenclature,

theoretical density (computed using the inverse rule

of mixture) and crystallite size (determined from

separate diffraction peak broadening analysis) of

ZrB2, SiC, TiC and WC in the milled powders.
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Phase and microstructural analyses

Following the phase analysis by X-ray diffraction

(XRD) (Panalytical X’Pert Pro using Cu-Ka radiation

with wavelength, kCu ¼0.154 nm), hot consolidation

of the composites into discs of 20 mm diameter and

6 mm height was carried out by spark plasma sin-

tering (SPS) (Dr. Sinter SPS system) at 1700 and

1800 �C for 10 min in Ar atmosphere under 70 MPa

pressure. After SPS, the adherent graphite layers

were removed from the sintered composites by

shallow hand grinding. Subsequently, the sintered

density or relative density (expressed as per cent of

theoretical density) of the composites was estimated

using Archimedes principle with distilled water as

the immersion medium. The microstructure of the

polished sections of the composites was examined by

scanning electron microscopy (SEM) (using a Zeiss,

EVO18 machine) equipped with energy dispersive

spectroscopy (EDS) facility (EDAX, AMETEK, USA).

Microstructural study at higher resolution and phase

identification of specific regions was conducted by

transmission electron microscopy (TEM) (using FEI,

Tecnai G2 20) of the composite powders obtained by

grinding the sintered samples in a mortar–pestle for

4 h and collecting the finest ones by fishing and drop

casting on carbon coated Cu grid following ultra-

sonication for 30 min in ethanol medium. TEM

analysis was possible only along the electron trans-

parent edges of some of these randomly dispersed

particles collected on the Cu grid after proper drying.

Evaluation of mechanical properties,
thermal residual stress and wear behaviour

The hardness of the sintered UHTC composites was

measured using a Vickers hardness tester (Mat-

suzawa, Japan). The applied load (P) and dwell time

were 100 gf and 10 s, respectively. The Vickers

hardness (H) of the composites was analytically

estimated using the following relation:

H ¼ 1:854
P

d2

� �
: ð1Þ

In Eq. (1), d ¼ d1þd2
2

� �
, where d1 and d2 stand for the

diagonals of the indentation mark on the sample.

In order to determine the indentation toughness

(Kc) of the UHTC composites, the composites were

subjected to 10 kgf load for 10 s in Vickers hardness

tester (FIE, India). The diagonal crack length (d) was

estimated from SEM images of the indentation mark

using ImageJ software and fed into the widely used

Anstis equation [29], as stated below:

Kc ¼ 0:016
E

H

� �1=2 P

c3=2

� �
ð2Þ

where E andH are the elasticmodulus and hardness of

the sample, respectively. At least 10 readings were

recorded on each sample to obtain the mean and

standard deviation of the indentation toughness. For

determination of indentation toughness, the applied

load and dwell timewere 10 kgf and 10 s, respectively.

In this work, the elastic moduli of the composites were

Table 1 The manufacturer, purity, density, particle size and lattice parameter of the as-received powders used in this work

Material Manufacturer Purity (%) Density (g cm-3) Particle size (lm) Lattice parameter (nm)

ZrB2 (Grade B) H.C Starck, Germany [ 99 6.10 1.5–3.0 a= b = 0.316 ± 0.000, c = 0.353 ± 0.000

SiC Nanoshel, UK [ 99 3.21 \ 2 a ¼ b ¼ 0.309, c ¼ 1.517

TiC Nanoshel, UK [ 99 4.91 \ 2 a ¼ b ¼ c ¼ 0.432

WC Nanoshel, UK [ 99 15.63 \ 2 a ¼ b ¼ 0.290, c ¼ 0.283

Table 2 The composition, nomenclature, theoretical density and crystallite size of different phases in milled powders

Composition (vol.%) Nomenclature Theoretical density (g cm-3) Crystallite size (nm) of milled powder

ZrB2 SiC TiC WC

ZrB2–20SiC–5TiC ZS5T 5.46 46 ± 4 22 ± 6 22 ± 8 –

ZrB2–20SiC–2.5TiC–2.5WC ZSTW 5.73 51 ± 3 28 ± 5 25 ± 6 30 ± 7

ZrB2–20SiC–5WC ZS5W 6.00 49 ± 5 31 ± 7 – 31 ± 6
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estimated both analytically and experimentally (using

nano-indentation). The modulus value obtained by

nano-indentation technique was utilized in determi-

nation of indentation toughness (as reported in earlier

studies [30, 31]). The Poisson’s ratio (m) of ZS5T, ZSTW
and ZS5W composites were estimated using rule of

mixture considering m of ZrB2, SiC, TiC and WC as

0.144, 0.14, 0.187 and 0.24, respectively [32, 33]. The

critical energy release rate (Gc) was determined using

the following equation:

Gc ¼ K2
c

1� m2

E

� �
: ð3Þ

The nano-mechanical behaviour of the spark

plasma-sintered UHTC composites was evaluated

using instrumented nano-indentation system (Anton

Paar) following Oliver–Pharr method [34]. For

determining nano-hardness, elastic modulus, maxi-

mum penetration depth, final depth and stiffness, at

least 16 readings were recorded on each composite.

In all cases, the maximum applied load was 450 mN

and the dwell time was 10 s at the maximum load.

Coefficient of thermal expansion and thermal

residual stress of sintered ZS5T, ZSTW and ZS5W

UHTC composites were evaluated using various well-

established analytical models. The residual compres-

sive stress of SiC grains has been determined using

Raman spectroscopy (Renishaw inVia micro-Raman

Spectrometer) using a 532 nm laser radiation. The

linear reciprocating wear behaviour of the well-pol-

ished sections of the composites was assessed in

ambient condition using a ball-on-plate type wear

tester (Rtec) fitted with a 6 mmdiameter sinteredWC-

Co ball (used as a counter body) under 10 N com-

pressive load, applied for 10 min dwell time at a fre-

quency of 10 Hz. The stroke length was 2 mm in all

cases. At least three readings were recorded on each

composite under identical condition. The wear track

profile was recorded by optical profilometry in addi-

tion to SEM–EDS analysis of the wear tracks for rela-

tive assessment of damage induced by wear studies.

Results and discussion

Effect of TiC and/WC addition
on densification

In a recent study [23], the present authors have

demonstrated that addition of TiC in ZrB2–SiC

significantly enhances sinterability due to which, the

maximum sintered density of ZrB2–20SiC–5TiC

(vol.%) and ZrB2–20SiC–10TiC (vol.%) composites

consolidated by SPS at 1700 �C for 5 min could reach

up to 99.6% (theoretical). In order to investigate the

relative merit of WC and TiC addition, three different

composites, namely, ZS5T, ZSTW and ZS5W were

sintered at 1700 �C by SPS. It was found that the

respective mean relative density of ZSTW and ZS5W

could reach only up to 95.1% and 93.2% indicating

that WC containing composites would require rela-

tively higher sintering temperature for full densifi-

cation. Earlier, Zou et al. [20] obtained a relative

density of 99% in ZrB2–20SiC–5WC composite only

by hot pressing at 1900 �C for 30 min under 60 MPa.

In order to realize greater densification, the ZS5T,

ZSTW and ZS5W composites were sintered by SPS at

higher temperature (= 1800 �C) for 10 min under

70 MPa pressure which yielded sintered density of

98.33 ± 0.47 and 99.65 ± 0.30% (theoretical) for

ZSTW and ZS5W, respectively. Interestingly, TiC

containing ZS5T achieved complete densification at

1800 �C. Thus, it was decided that the present set of

UHTCs, (ZS5T, ZSTW and ZS5W) would be consol-

idated by SPS only at 1800 �C to obtain adequate

densification needed for meaningful investigation

and comparison of mechanical properties of interest.

Phase analyses of milled and sintered
composites

Figure 1 exhibits the XRD patterns of high-energy

ball milled ZS5T, ZSTW and ZS5W composite pow-

ders. The presence of the respective constituent

phases, i.e. ZrB2, SiC, TiC (in ZS5T), ZrB2, SiC, TiC,

WC (in ZSTW), and ZrB2, SiC, WC (in ZS5W) is

evident in milled powders. Due to higher volume

fraction (75 vol.%), the most intense peak corre-

sponds to ZrB2 in all powders. The crystallite size of

ZrB2, SiC, TiC and WC phases in the milled ZS5T,

ZSTW and ZS5W powders has been calculated using

Scherrer formula [35] and is shown in Table 2.

The phase analysis of spark plasma-sintered com-

posites is presented in Fig. 2. Contrary to the phase

analysis of milled ZS5T, no trace of TiC has been

observed in the XRD pattern of sintered ZS5T, sug-

gesting that TiC has possibly reacted with ZrB2 dur-

ing the SPS process to yield (Zr,Ti)B2 solid solution.

The detail explanation of the evolution of in situ

(Zr,Ti)B2 solid solution in ZrB2–SiC–TiC can be found
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in our recent study [23]. Previous studies on ZrB2–

SiC–WC composite revealed the formation of core-

rim substructure, where ZrB2 core is encapsulated by

(Zr,W)B2 rim [19, 22]. Moreover, the XRD patterns of

ZS5W and ZSTW indicate the presence of ZrC and

WB, formed as in situ reaction product during SPS of

ZrB2–SiC–TiC–WC and ZrB2–SiC–WC composite

systems. In contrast, similar reaction products (ZrC,

TiB, TiB2, etc.) are not found in XRD analysis of sin-

tered ZS5T composite. The phase analyses of sintered

ZSTW and ZS5W composites also reveal the presence

of free or unreacted WC, whereas no TiC has been

detected in the XRD pattern of ZS5T composite.

For the convenience of comparison, the XRD pat-

tern of ZrB2 (PDF no. 34-0423) is also included in

Fig. 2. It is evident that peaks corresponding to ZrB2

or its solid solution have shifted towards higher

scanning angle (2h) value in sintered ZS5T, ZSTW

and ZS5W composites. For example, the most intense

(101) peak of pure ZrB2 that usually occurs at 2 h =

41.63� is located in Fig. 2 for the sintered ZS5T, ZSTW

and ZS5W composites at 2h = 42.38�, 42.35� and

42.58�, respectively. The slight peak shift towards

higher scan angle implies that the corresponding

lattice parameters of the concerned phases must have

systematically decreased owing to dissolution of TiC

and/or WC in ZrB2 as a solid solution. From the XRD

patterns of sintered composites, the lattice parame-

ters of hexagonal solid solution phase are determined

and presented in Table 3. In accordance with the peak

shift towards higher scan angle, both lattice param-

eters (a and c) of hexagonal solid solution phase in

ZS5T (a ¼ b ¼ 0.314 ± 0.000 nm, c ¼
0.348 ± 0.002 nm), ZSTW (a ¼ b ¼ 0.313 ± 0.001 nm,

c ¼ 0.347 ± 0.001 nm) and ZS5W (a ¼ b ¼
0.314 ± 0.001 nm, c ¼ 0.347 ± 0.002 nm) are found to

be slightly lower than that of pure ZrB2 powder

(a ¼ b ¼ 0.316 ± 0.000 nm, c ¼ 0.353 ± 0.000 nm,

c=a ¼ 1.115 ± 0.001) used as a starting material.

Compared to ZrB2, the c=a ratio of the hexagonal

solid solution phase in ZS5T was slightly lower

(1.110). With incorporation of 2.5 and 5 vol.% WC, the

c=a ratio of the resultant solid solution was further

decreased to 1.108 and 1.105 in ZSTW and ZS5W,

respectively. It may be pointed out that Fahrenholtz

et al. [6] predicted that formation of (Zr,M)B2 (where

M = Ti, Nb and similar early transition metals) in

ZrB2-based UHTC system would primarily depend

on diffusion of M atoms in Zr as strongly bonded

interstitial B atoms are unlikely to migrate or play

any major role in such (Zr,Ti)B2 or (Zr,Nb)B2 com-

pound or solid solution formation. This conclusion

implies that the formation of (Zr,Ti)B2 solid solution

in the sintered composites will primarily depend on

the diffusion of Ti or Ti4? in Zr (or ZrB2). Similarly,

the diffusion of W or W4? in Zr or ZrB2 gives rise to

the in situ formation of (Zr,W)B2 solid solution phase.

In addition to the lattice parameters of hexagonal

solid solution phase, the lattice parameters of WB and

ZrC phases have been determined from XRD patterns

of ZSTW and ZS5W and are reported in Table 3.

Figure 1 X-ray diffraction patterns of ball milled ZS5T, ZSTW

and ZS5W powders exhibit the presence of individual phases. In

all samples, the most intense peak corresponds to ZrB2.

Figure 2 X-ray diffraction patterns of spark plasma-sintered

ZS5T, ZSTW and ZS5W composites. For comparison, the

reference pattern of ZrB2 powder is also shown.

J Mater Sci (2023) 58:420–442 425



Analysis of microstructure

Figure 3 presents the SEM images of ZS5T, ZSTW and

ZS5W UHTC composites prepared by SPS at 1800 �C.
EDSpoint analysiswas conducted to determine local or

micro-composition of a given phase for an approximate

idea of its possible identity. Figure 3a shows the

microstructure of ZS5T in secondary electron imaging

mode, where SiC grains and (Zr,Ti)B2 solid solution

phases can bedistinguished asdarkgrey facetedphases

and light grey polyhedral grains, respectively. In

accordancewith the earliermeasureddensityvalues, no

porosity was detected in sintered ZS5T. Our previous

work [23] on ZrB2–SiC–TiC system also revealed that

TiC addition leads to formation of (Zr,Ti)B2 solid solu-

tion in spark plasma-sintered composite. Moreover, no

unreacted or free TiC is noticed in Fig. 3a, which indi-

cates that entire 5 vol.% TiC has been dissolved in ZrB2

to yield (Zr,Ti)B2 solid solution in sintered ZS5T com-

posite. Indeed, the formation of (Zr,Ti)B2 solid solution

is plausible in TiC containing ZrB2-SiC composite since

Zr-Ti binary system is isomorphous in nature with

unrestricted solid solubility in the entire compositional

range [36]. Additionally, it is to be noted that, no other

reaction product like ZrC, TiB or TiB2 was observed in

the SEM images of ZS5T.

Figure 3b, c shows themicrostructures of ZSTWand

ZS5W, respectively. Owing to the combined effect of

TiC andWC, twodifferent solid solutions, i.e. (Zr,Ti)B2

and (Zr,W)B2 were formed in ZSTW. On the other

hand, the formation of core-rim structure, i.e. (Zr,W)B2

rim surrounding ZrB2 core was noticed in ZS5W

(Fig. 3c). The core-rim structure is also shown using

blue-dotted line in Fig. 3c, where the ‘core’ region

(within the blue-dotted area) represents ZrB2 and the

‘rim’ stands for (Zr,W)B2 solid solution. It may be

mentioned that the previous studies [19, 20] on ZrB2-

SiC-WC UHTC composites also reported the forma-

tion of core-rim structure, where ZrB2 core was sur-

roundedwith a rim of (Zr,W)B2. Interestingly, isolated

presence of free or unreacted WC was noticed in sin-

tered ZSTW and ZS5W, indicating that the entire

amount of WC was not dissolved or reacted during

sintering by SPS. In addition, ZrC andWBphaseswere

found in WC containing composites, confirming the

earlier observation from XRD analysis (Fig. 2) of the

sintered composites. The distribution of SiC is found to

be uniform in ZS5T, ZSTW and ZS5W composites.

Table 3 Mean sintered density of the composites, crystallite size and lattice parameter of different phases

Composite Mean sintered

density (%

theoretical)

Crystallite size

(nm)

Lattice parameter (nm)

1700 �C 1800 �C WB ZrC Hexagonal solid solution WB ZrC

ZS5T 99.60 100.0 – – a ¼ b ¼ 0.314 ± 0.000,

c ¼ 0.348 ± 0.002

– –

ZSTW 95.10 98.33 31 ± 8 30 ± 6 a ¼ b ¼ 0.313 ± 0.001,

c ¼ 0.347 ± 0.001

a ¼ b ¼ 0.309 ± 0.004,

c ¼ 1.695 ± 0.004

a ¼ b ¼ c ¼
0.468 ± 0.003

ZS5W 93.20 99.65 44 ± 8 34 ± 13 a ¼ b ¼ 0.314 ± 0.001

c ¼ 0.347 ± 0.002

a ¼ b ¼ 0.309 ± 0.002

c ¼ 1.690 ± 0.003

a ¼ b ¼ c ¼
0.469 ± 0.001

The crystallite size and lattice parameter were determined from XRD patterns of composites sintered at 1800 �C

Figure 3 SEM images of a ZS5T, b ZSTW and c ZS5W composites sintered at 1800 �C.
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The SEM–EDS elemental compositional maps of

ZS5T, ZSTW and ZS5W composites are shown in

Fig. 4a–c, respectively. In line with the XRD and SEM

analyses, the formation of (Zr,Ti)B2 solid solution was

confirmed in ZS5T and ZSTW with the help of EDS

mapping. In case of WC containing ZSTW and ZS5W

Figure 4 Elemental map showing the distribution of constituent elements in spark plasma-sintered a ZS5T, b ZSTW and c ZS5W

composites.
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composites, (Zr,W)B2 solid solution formation is

indicated. The reason behind (Zr,Ti)B2, (Zr,W)B2

solid solution formation and the presence of in situ

phases like ZrC, WB is explained in ‘‘Thermodynamic

analysis of possible reaction mechanisms and solid

solution formation’’ section.

Figure 5 shows the representative TEM images of

(a) ZS5T, (b-c) ZSTW and (d) ZS5W composites pre-

pared by SPS at 1800 �C for 10 min. The presence of

(Zr,Ti)B2 and SiC is found in ZS5T (Fig. 5a). Previ-

ously, SEM–EDS analyses (Figs. 3a, 4a) of sintered

ZS5T composite revealed the presence of two distinct

phases, namely, (Zr,Ti)B2 and SiC. In addition, no

contamination due to WC could be detected in SEM–

EDS analyses of ZS5T even though WC balls and jars

were used for high-energy milling of ZrB2, SiC and

TiC powders. In corroboration with SEM analysis,

TEM study confirms that WC impurity is absent in

the sintered ZS5T composite. The representative

bright field TEM image of ZSTW dictate the presence

WB and SiC reinforcement, where the former has

formed in situ during SPS. The high resolution lattice

fringes from WB phase shows an interplanar spacing

of 0.423 nm, which corresponds to (0004) plane of

WB. The formation of (Zr,W)B2 solid solution is

observed in ZS5W (Fig. 5d). Figure 5e exhibits the

SADP originated from [0001] zone axis of SiC. The

SADP was captured from the marked region (blue

square box) of Fig. 5b.

Thermodynamic analysis of possible
reaction mechanisms and solid solution
formation

In the present study, TiC and WC have either been

added to ZrB2–SiC separately (as in ZS5T and ZS5W)

or together (as in ZSTW). Therefore, it is important to

investigate the state or phase (unreacted, solid solu-

tion or reacted) of these compounds retained in ZS5T,

ZSTW and ZS5W composites following the sintering

by SPS at 1800 �C. Accordingly, thermodynamic

feasibility of different chemical reactions has been

analysed utilizing HSC Chemistry software (v. 9.9) in

terms of the variation in Gibbs energy (DG) with

reaction temperature, as shown in Fig. 6:

ZrB2 þ TiC ¼ ZrCþ TiB2 ð4Þ

3TiCþ ZrO2 ¼ ZrCþ 3Tiþ 2CO g
� �

ð5Þ

3WCþ ZrO2 ¼ ZrCþ 3Wþ 2CO g
� �

ð6Þ

3ZrB2 þ 6TiCþ ZrO2 ¼ 4ZrCþ 6TiBþ 2CO g
� �

ð7Þ

Figure 5 High resolution transmission electron micrographs of

a ZS5T, b, c ZSTW and d ZS5W composites. The lattice fringes

from (0004) plane of tetragonal WB are shown in c. The

representative selected area diffraction pattern from [0001] zone

axis of SiC (from the marked region of b) is shown in e.
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3ZrB2 þ 6WCþ ZrO2 ¼ 4ZrCþ 6WBþ 2CO g
� �

ð8Þ

3ZrB2 þ 2TiCþ 4WCþ ZrO2

¼ 4ZrCþ 2TiBþ 4WBþ 2CO g
� �

ð9Þ

1:5TiCþ 1:5WCþ ZrO2 ¼ ZrCþ 1:5Tiþ 1:5W
þ 2CO g

� �
: ð10Þ

It may be mentioned that HSC Chemistry software

is also utilized by many published literature

[13, 23, 37–39] on UHTC systems to determine ther-

modynamic feasibility of various chemical reactions

or phase stability diagrams of ZrB2-based UHTC

systems.

For a ready reference, DG values of the above

reactions at the SPS temperature (1800 �C) are sum-

marized in Table 4. From Fig. 6 and Table 4, it is

evident that ZrO2 oxide scale, which is present as an

impure phase surrounding ZrB2 particles, does not

get reduced by TiC and/or WC additions according

to Eqs. (5) and (6), respectively. Hence, the possibility

of obtaining metallic Ti (in ZS5T, ZSTW) and W (in

ZS5W, ZSTW) in the sintered composite can be ruled

out. Table 4 and Fig. 6 also suggest that only reaction

(8) is thermodynamically feasible at the sintering

temperature. Indeed, ZrC and WB phases were

detected in SEM images of sintered ZS5W and ZSTW,

where 5 and 2.5 vol.% of WC were added,

respectively. Based on the thermodynamic analysis, it

can be inferred that ZrC and WB are formed in situ as

a reaction product when WC is present in the com-

posite system (i.e. ZS5W and ZSTW). In other words,

the formation of ZrC is not thermodynamically fea-

sible in ZS5T where WC is absent.

In the literature, the formation of (Zr,W)B2,

(Zr,Ti)B2, (Zr,Mo)B2 shell or rim structure surround-

ing ZrB2 grain has been reported in sintered ZrB2-SiC

composite as a consequence of the respective addi-

tion of WC [19], TiC [23] and MoSi2 [40]. In line with

the observations in these published literature, the

presence of (Zr,Ti)B2 and (Zr,W)B2 solid solutions

were detected in this study due to respective addition

of TiC and WC in ZrB2–SiC.

The atomic radii of Zr, Ti and W are 0.159, 0.145

and 0.137 nm, respectively [41]. Furthermore, the

respective cationic (? 4) radii of Zr, Ti and W are

0.079, 0.068 and 0.070 nm [41]. Hence, the radius

ratios of rTi
rZr
, rW
rZr
,
r4þ
Ti

r4þ
Zr

and
r4þ
W

r4þ
Zr

are found to be 0.91, 0.86,

0.86 and 0.89, respectively. These ratios indicate that

the difference in atomic and ionic radii is\ 15% in

Ti–Zr, W–Zr, Ti4?–Zr4? and W4?–Zr4? pairs. As a

result, the in situ formation of (Zr,Ti)B2 and (Zr,W)B2

solid solutions is thermodynamically feasible

according to the size factor rule of Hume-Rothery

[41] in TiC and WC containing ZrB2–SiC composites,

respectively. Since ZSTW contains both the carbides

(TiC and WC) in equal volume fraction, the coexis-

tence of (Zr,Ti)B2 and (Zr,W)B2 solid solutions is not

unusual at all.

Effect of TiC and WC addition on hardness
and fracture toughness

The measured Vickers hardness and calculated val-

ues of indentation toughness and critical energy

release rate of sintered ZS5T, ZSTW and ZS5W

composites are documented in Table 5, which sug-

gests that TiC containing UHTC composites (ZS5T

and ZSTW) exhibit better hardness compared to 5

vol.% WC containing ZS5W. While the minimum

hardness of 17.49 ± 0.74 GPa was obtained in case of

ZS5W, the maximum recorded hardness of ZSTW

was 19.89 ± 0.65 GPa. The high hardness in TiC

containing ZS5T and ZSTW can be attributed to solid

solution strengthening due to formation of (Zr,Ti)B2

and dispersion strengthening owing to the presence

of uniformly distributed discrete SiC particles.

Figure 6 The change in Gibbs energy with temperature

(calculated using HSC Chemistry software). The arrow indicates

that only one reaction

(3ZrB2 ? 6WC ? ZrO2 = 4ZrC ? 6WB ? 2CO(g)) is

thermodynamically feasible (i.e. DG\0) in the spark plasma

sintering temperature (1800 �C).
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Figure 7a–c, respectively, shows the indentation

images of ZS5T, ZSTW and ZS5W composites after

hardness test under 100 gf load.

Amongst the composites, the minimum indentation

fracture toughness of 5.95 ± 1.02 MPa
p
m was

obtained in ZSTW, whereas ZS5T offered slightly

higher toughness (6.04 ± 0.74 MPa
p
m). Interest-

ingly, ZS5W recorded the highest indentation tough-

ness of 6.23 ± 0.23 MPa
p
m. In the literature,

Chamberlain et al. [11] reported fracture toughness of

4.4 ± 0.2 MPa
p
m in 99.7% dense ZrB2–20SiC com-

posite consolidated by hot pressing at 1900 �C for

45 min. In another study, Liu et al. [42] reported a

fracture toughness of 4.84 ± 0.28 MPa
p
m in hot

pressed ZrB2–20SiC–20ZrC (vol.%) composite. Zou

et al. [38] found a superior fracture toughness of

5.5 ± 0.5 MPa
p
m in hot pressed ZrB2–20SiC–5VC

(vol.%) composite. Compared to the published litera-

ture, the fracture toughness recorded by the present

ZS5T, ZSTW and ZS5W composites is considerably

higher. The higher fracture toughness of TiC and WC

containing composites can be explained by a possible

toughening effect of the matrix due to synergistic

reinforcement of SiC, TiC in ZS5T, SiC, TiC andWC in

ZSTW, and SiC and WC in ZS5W, respectively. Fig-

ure 7d–f, respectively, exhibits the indentation images

of ZS5T, ZSTW and ZS5W composites after the

indentation toughness test. Evidence of toughening of

the matrix can also be observed in Fig. 7g–i, which

reveal deflection of diagonal crack emanated from the

indentation corner in case of ZS5T, ZSTW and ZS5W,

respectively. In addition to crack deflection, crack

bridging can also be noticed in Fig. 7. The crack

deflection and crack bridging suggest the toughening

of thematrix owing to the in situ formation of (Zr,Ti)B2

and (Zr,W)B2 solid solutions. In addition to the for-

mation of core-rim substructure, the maximum frac-

ture toughness in ZS5W may be attributed to the

coexistence of hard phases like WB, WC and ZrC with

uniform distribution of SiC reinforcement.

The mean critical energy release rate (Gc) of all the

composites are found to be in the range 82–90 J m-2,

which is higher than that (Gc ¼ 63.0 ± 2.1 J m-2) of

ZrB2–20SiC composite reported in the literature [43].

On the other hand, similar critical energy release rate

of 84.9 ± 4.1 J m-2 was reported for ZrB2–20SiC–

10CNT (vol.%) [44]. The relatively high Gc also

explains for relatively high fracture toughness in TiC

and WC containing composites compared to that of

ZrB2–20 vol.% SiC.

Analytical estimation of elastic modulus

In this study, the elastic modulus of sintered ZS5T,

ZSTW and ZS5W composites was determined using

rule of mixture (ROM), where the theoretical upper

Table 4 The change in Gibbs energy (DG) at 1800 �C of various probable chemical reaction between constituent phases

Probable chemical reaction between the constituent phases DG(kcal) at
1800 �C

Thermodynamic feasibility of the reaction at

1800 �C

ZrB2 þ TiC ¼ ZrCþ TiB2 3.39 Not feasible

3TiCþ ZrO2 ¼ ZrCþ 3Tiþ 2CO g
� �

100.14 Not feasible

3ZrB2 þ 6TiCþ ZrO2 ¼ 4ZrCþ 6TiBþ 2CO g
� �

73.63 Not feasible

3ZrB2 þ 6WCþ ZrO2 ¼ 4ZrCþ 6WBþ 2CO g
� �

- 4.92 Feasible

3ZrB2 þ 2TiCþ 4WCþ ZrO2 ¼ 4ZrCþ 2TiBþ 4WBþ 2CO g
� �

21.26 Not feasible

1:5TiCþ 1:5WCþ ZrO2 ¼ ZrCþ 1:5Tiþ 1:5Wþ 2CO g
� �

56.15 Not feasible

3WCþ ZrO2 ¼ ZrCþ 3Wþ 2CO g
� �

12.17 Not feasible

Table 5 Summary of Vickers hardness, indentation fracture toughness and critical energy release rate of ZS5T, ZSTW and ZS5W

composites

Composite Vickers hardness, H (GPa) Indentation toughness, Kc (MPa
p
m) Critical energy release rate, Gc (J m

-2)

ZS5T 19.18 ± 0.71 6.04 ± 0.74 83.30 ± 3.73

ZSTW 19.89 ± 0.65 5.95 ± 1.02 82.09 ± 4.11

ZS5W 17.49 ± 0.74 6.23 ± 0.23 90.49 ± 6.26
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(UL) and lower limit (LL) are expressed by Eqs. (11)

and (12), as follows:

EROMð ÞUL¼ VmEm þ VrEr ð11Þ

EROMð ÞLL¼
EmEr

VmEr þ VrEm
: ð12Þ

In the above equations, E and V represent the

elastic modulus and volume fraction and the sub-

scripts ‘m’ and ‘r’ indicate the matrix and reinforce-

ment, respectively. However, in a particulate-

reinforced composite, the following expression of

Voigt–Reuss (VR) model offers more realistic esti-

mation of the elastic modulus since this model con-

siders the random distribution of reinforcement

phase in the matrix [23]:

EVR ¼ 3

8
EROMð ÞULþ

5

8
EROMð ÞLL: ð13Þ

It is noteworthy that ROM and VR models assume

the composite to be fully dense. However, in the

present study, the composites sintered by SPS did not

achieve full densification except in ZS5T. Therefore, it

is imperative to consider the effect of residual

porosity for realistic estimation of elastic modulus.

Equation (14) exhibits the effect of pore volume

fraction (Vp) on the elastic modulus (Ep) of a porous

composite, as follows:

Ep ¼ E0 1� aVp

� �
ð14Þ

a ¼ 3 9þ 5t0ð Þ 1� t0ð Þ
2 7� 5t0ð Þ : ð15Þ

In Eq. (14), E0 stands for the upper limit of elastic

modulus calculated by rule of mixture (ðEROMÞUL),
whereas, the relation between constant a and Pois-

son’s ratio of the matrix (t0) is expressed in Eq. (15)

[13, 45].

Table 6 summarizes the elastic modulus of ZS5T,

ZSTW and ZS5W composites by different analytical

models. For analytical estimation of elastic modulus

of the composites, the elastic modulus of ZrB2, SiC,

Figure 7 The indentation images of a ZS5T, b ZSTW and

c ZS5W composites after hardness testing at 100 gf (= 0.1 kgf) for

10 s. The indentation images of d ZS5T, e ZSTW and f ZS5W

composites subjected to indentation toughness test under applied

load of 10 kgf. Crack initiation and propagation path from the

corners of the indentation diagonal in g ZS5T, h ZSTW and

i ZS5W composites may be noted.
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TiC and WC was considered as 489, 401.38, 451 and

600 GPa, [23, 25, 32, 46], respectively. The modulus

obtained by nano-indentation, is also presented for

comparison. Experimentally, the highest elastic

modulus of 467.36 ± 40.66 GPa was obtained in

ZS5W. In case of ZSTW, the elastic modulus was

found to be relatively low (402.50 ± 48.99 GPa),

which may be attributed to the presence of porosity

(* 1.67%) in sintered ZSTW.

Evaluation of thermal residual stress
induced on the composites due to rapid
cooling

It is worth noting that the thermal residual stress is

induced in ZrB2-SiC UHTC composites due to the

difference in respective coefficients of thermal

expansion (CTE) between ZrB2 (a ¼ 5.9 9 10-6 �C-1)

matrix and SiC (a ¼ 3.5 9 10-6 �C-1) reinforcement

phases [6, 24, 33]. Literature reports reveal that

thermal residual stress is introduced in the composite

due to rapid cooling from the sintering temperature

in SPS [6, 13, 23, 24, 33]. During fast cooling from SPS

temperature, owing to higher a, the matrix phase

(ZrB2) shrinks faster compared to the reinforcement

(SiC), which induces compressive residual stress on

SiC. As ZS5T, ZSTW and ZS5W contain 5 vol.% of

TiC, TiC ? WC and WC, respectively, with SiC con-

tent remaining the same (20 vol.%), it is logical to

evaluate the effect of TiC and/or WC addition on

thermal residual stress of these composites. In this

study, the effective CTE (aeff) of a composite is

determined empirically using the model proposed by

Rosen et al. [47]:

aeff ¼ fmam þ f rar þ
ðam � arÞ

1
Km

þ 1
Kr

� � :
1

Keff

� 1

Km
� 1

Kr

� �
:

ð16Þ

In a multi-component system, the upper (ðaeffÞUL)
and lower limit (ðaeffÞLL) of CTE depend on multiple

factors like shear modulus (G), bulk modulus (K) and

volume fraction (f) of matrix (m) and reinforcement

(r) phases. In this study, the ðaeffÞUL and ðaeffÞLL are

estimated using model developed by Hashin and

Shtrikman [48], as shown in Eq. (17) and (18).

aeffð ÞUL¼ am � fr am � arð Þ Kr 3Km þ 4Gmð Þ
Km 3Kr þ 4Gmð Þ þ 4frGm Kr � Kmð Þ

ð17Þ

aeffð ÞLL¼ ar þ fm ar � amð Þ Km 3Kr þ 4Grð Þ
Kr 3Km þ 4Grð Þ þ 4fmGr Km � Krð Þ :

ð18Þ

In order to show the effect of reinforcement phases

on the upper and lower limit of CTE in ZS5T, ZSTW

and ZS5W composites, the equations are shown in

elaborative form in Supplementary material 1.

For analytical estimation of the upper and lower

limits of CTE, K of ZrB2, SiC, TiC and WC was con-

sidered as 229, 234, 244 and 630 GPa, respectively

[6, 23, 25, 49]. Similarly, the shear modulus (G) of

ZrB2, SiC, TiC and WC was considered as 211, 41, 179

and 274 GPa, respectively [6, 23, 25, 49]. Furthermore,

the CTE of ZrB2, SiC, TiC and WC was taken as

5.9 9 10-6, 3.5 9 10-6, 7.4 9 10-6 and

5.5 9 10-6 �C-1; respectively [6, 24, 25, 33]. Table 7

summarizes the theoretically estimated CTE values

and thermal residual stresses of the UHTC compos-

ites, which shows that the predicted CTE value of the

composites decreases with increasing volume frac-

tion of WC. Furthermore, the comparative effect of

WC or TiC addition on residual stresses (both com-

pressive and tensile) of sintered composites by SPS

appears identical and consistent.

Taya et al. [50] and Hsueh [51] developed different

mathematical models to determine the residual stress

of matrix and reinforcement phases in a composite

Table 6 Comparison of analytically determined elastic modulus with the modulus obtained by nano-indentation technique in ZS5T,

ZSTW and ZS5W composites

Composite Analytically determined elastic modulus (GPa) Modulus obtained by nano-indentation technique, E (GPa)

ðEROMÞUL ðEROMÞLL EVR Ep

ZS5T 469.58 466.66 467.75 469.58 439.60 ± 39.11

ZSTW 473.30 469.68 471.04 457.59 402.50 ± 48.99

ZS5W 477.03 472.73 474.34 473.71 467.36 ± 40.66
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aggregate and several studies [23, 43] have utilized

both Taya’s model and Hsueh’s model to estimate the

residual stress of ceramic matrix composites.

Accordingly, the residual stress of reinforcement and

matrix phases in the present composites has been

estimated empirically using both these models. It

may be noted that Taya’s model considers the effect

of porosity (fv), Poisson’s ratio (m), volume fraction of

reinforcement (f r) and elastic modulus (E) on residual

stress (r) of matrix (m) and reinforcement (r) phases

through Eqs. (19)–(22), as follows:

b ¼ 1þ mm
1� 2mr

� �
Er

Em

� �
ð19Þ

rm ¼ 2f rbe
0

1� fv
� �

1� f r
1�fv

� �
bþ 2ð Þ 1þ mmð Þ þ 3bf rð1�mmÞ

1�fv

h i :Em

ð20Þ

rr ¼ �
2 1� f r � fv
� �

be
0

1� fv
� �

1� f r
1�fv

� �
bþ 2ð Þ 1þ mmð Þ þ 3bfr 1�mmð Þ

1�fv

h i :Em

ð21Þ

e
0 ¼ Da � DT ¼ am � arð ÞDT: ð22Þ

The detailed equations for determination of ther-

mal residual stress of ZS5T, ZSTW and ZS5W com-

posites are provided in Supplementary Material 1.

Equation (22) expresses the relation between ther-

mally induced strain (e
0
) with difference in CTE (Da)

and temperature (DT). According to Taya’s model,

the tensile residual stress of the matrix and the

compressive residual stress of the reinforcement is

found to increase with WC content. The maximum

tensile residual stress of 0.28 GPa and minimum

compressive stress of –0.84 GPa were observed in the

matrix and reinforcement of ZS5W, respectively.

As earlier stated, the thermal residual stress of

ZS5T, ZSTW and ZS5W composites has also been

estimated using Hsueh’s model [52]:

r ¼ ðam � arÞDT
1þmm

ð1þmrÞEm
þ 1�2mr

Er

ð23Þ

The biaxial residual stress is estimated in accor-

dance with Eq. (24) [53]:

r ¼ Em

1� mm

� �
e
0 ð24Þ

According to Eqs. (23) and (24), the residual stress

of the composite is found to increase with the volume

fraction of WC. This observation corroborates with

the residual stress values estimated by Taya’s model.

In this study, the residual stress of SiC reinforce-

ment phase is determined experimentally with the

help of Raman spectroscopy and compared with the

predicted residual stress by Taya’s model. However,

it is extremely important to mention that the actual

residual stress of the composite may differ from the

thermal residual stress determined by Raman analy-

sis as the latter is primarily a surface-sensitive ana-

lytical tool. Since ZrB2 is not Raman active, the

residual stress of the matrix phase could not be

determined using Raman spectroscopy. In the past,

Watt et al. [54] estimated thermal residual stress of

SiC in sintered ZrB2-SiC using Raman Spectroscopy.

In a recent study [13], the present authors also uti-

lized Raman spectroscopy to determine residual

stress of SiC in ZrB2–SiC–AlSiMg and ZrB2–SiC

composites. In case of 6H–SiC, the characteristic peak

Table 7 The coefficient of thermal expansion of the composite, the thermal residual stress of the composites by Hsueh’s model, Biaxial

residual stress and Taya’s model

Composite Coefficient of thermal

expansion, a
(9 10-6 �C-1)

Thermal residual stress (GPa)

ðaeffÞUL ðaeffÞLL aROM Hsueh’s

model

Biaxial residual

stress

Taya’s model Average compressive stress on SiC grains (by

Raman analysis)
rm rr

ZS5T 5.49 3.07 5.50 0.65 1.39 0.22 - 0.65 - 0.68

ZSTW 5.41 2.75 5.45 0.74 1.55 0.26 - 0.73 - 0.78

ZS5W 5.34 2.44 5.40 0.84 1.71 0.28 - 0.84 - 0.82

The average compressive stress on SiC grains, as estimated using Raman spectroscopy, is also presented for comparison
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positions of transverse optical (TO) longitudinal

optical (LO) shifts are obtained at the respective wave

numbers of 789.2 and 970.1 cm-1 [55]. Ghosh et al.

[56] reported that the shift of the characteristic TO

and LO peaks towards respective higher or lower

wave numbers implies the evolution of compressive

or tensile stress in the SiC grains.

Figure 8 shows the representative TO and LO peak

positions of SiC in ZS5T, ZSTW and ZS5W compos-

ites. The peak positions are found to be sensitive to

TiC and WC content. In this study, the characteristic

peak position of TO was obtained by taking Raman

spectra on different SiC grains on each composite.

The mean value of TO peak position of SiC was

found to be 791.30, 791.62 and 791.74 cm-1 in case of

ZS5T, ZSTW and ZS5W, respectively. Therefore, in

all cases, the TO peak positions are shifted towards

higher wave numbers, revealing that compressive

stress is induced on SiC grains. Watt et al. [57]

reported that the magnitude of the compressive stress

(P) can be determined from the peak shift of TO (i.e.

DTO) using the following equation:

P ¼ 3:11�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9:6721� 0:036ðDTOÞ

p
0:018

: ð25Þ

Based on the above analysis, the average value of

compressive residual stress of SiC was found to be –

0.68, –0.78 and –0.82 GPa, respectively, which is in

good agreement with the residual stress of rein-

forcement estimated by Taya’s model. The entire

spectrum of important physical and mechanical

properties, as discussed above, are summarized in

Table 7.

Nano-mechanical properties

Of late, different research groups have utilized nano-

indentation technique to evaluate the mechanical

behaviour of ZrB2-based composites, especially of the

surface or thin films, under low load and elastic

strain regime [13, 58]. In the present work, nano-

hardness and indentation modulus of ZS5T, ZSTW

and ZS5W composites have been determined by

nano-indentation technique utilizing the well-estab-

lished Oliver–Pharr method [34]. Table 8 summarizes

the critical aspects of nano-mechanical behaviour of

sintered (by SPS) ZS5T, ZSTW and ZS5W composites

under identical loading and unloading conditions.

The representative load–displacement (P� h) curves

of the sintered composites are recorded in Fig. 9a. For

clarity, the selected region of Fig. 9a is magnified and

shown in Fig. 9b. From the nano-indentation data,

the resistance to deformation (rd) and plasticity index

(re) have been calculated in accordance with Eqs. (26)

and (27), respectively:

rd ¼
hf
hmax

ð26Þ

re ¼
hmax � hf

hmax

: ð27Þ

Here, hf and hmax represent the final and maximum

indentation depth values, respectively. From Table 8

Figure 8 Raman analysis elicits the characteristic TO and LO peaks of SiC in a ZS5T, ZSTWand ZS5W. b Exhibits the shift of TO peak.

The ideal TO peak position at 789.2 cm-1 is shown for reference.
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and Fig. 9, it is evident that the penetration depth,

final depth, nano-hardness and indentation modulus

are sensitive to TiC and WC content in the poly-

crystalline composite aggregates. The nano-hardness

of ZSTW (H ¼ 19.68 ± 3.49 GPa) and ZS5T (H ¼
19.65 ± 2.57 GPa) are found to be similar and close to

the highest mark, while the H value (¼ 17.27 ± 2.72

GPa) is the minimum for ZS5W composite containing

5 vol.% WC. As the hardness of WC (18–22 GPa [25])

is lower than that of TiC (28–35 GPa [24]), ZS5W is

expected to offer relatively lower hardness. This

observation is in line with the results obtained by

Vickers hardness testing (Table 5). Furthermore, the

minimum value of the highest penetration depth

(hmax ¼ 1098.98 ± 61.22 nm) is recorded in ZS5T,

whereas, the maximum hmax of 1128.10 ± 67.55 nm

was offered by ZSTW. Interestingly, ZSTW offers the

minimum value of the final depth (hf ¼
750.58 ± 74.30 nm) as well. Accordingly, the mini-

mum resistance to deformation and maximum plas-

ticity index was also observed in ZSTW.

The change in modulus of UHTC composites is

also reflected by the alteration in stiffness (S), com-

puted from the unloading section of P� h curve

(Table 8). The highest S of 2.12 ± 0.12 mN nm-1 was

obtained in ZS5W, which was followed by that of

ZS5T (S ¼ 1.90 ± 0.10 mN nm-1) and ZSTW (S ¼
1.61 ± 0.17 mN nm-1). It may be noted that, the

average indentation modulus of ZS5W, ZS5T and

ZSTW was found to be 467.36, 439.60 and 402.50 GPa

was, respectively. As indicated by the theoretical

estimation of elastic moduli in ‘‘Effect of TiC and WC

addition on hardness and fracture toughness’’ sec-

tion, slight reduction in the indentation modulus of

ZSTW may be ascribed to the presence of porosity

(* 1.67%) in sintered ZSTW composite. In this con-

nection, it is important to mention that, the elastic

modulus of WC (E ¼ 600 GPa [25]) is comparatively

higher than that of TiC (E ¼ 410–510 GPa [24]).

Therefore, ZrB2–20SiC–5WC (ZS5W) composite offers

relatively higher modulus as compared to that of

ZrB2–20SiC–5TiC (ZS5T).

Reciprocating wear behaviour of ZS5T,
ZSTW and ZS5W composites

Several research groups have examined the wear

behaviour of sintered UHTC composites using

scratch test [59], fretting test [26], ball-on-disc rotating

wheel wear test [60] or linear reciprocating wear test

[61]. In this study, the wear behaviour of spark

plasma-sintered UHTC composites was examined by

reciprocating wear test in ambient condition. Fig-

ure 10a–c, respectively, shows the optical profilome-

try images of single wear tracks of ZS5T, ZSTW and

ZS5W composites. The mean coefficient of fraction

(COF) of ZS5T, ZSTW and ZS5W were found to be

0.49, 0.47 and 0.50, respectively. These values suggest

that there is no significant effect of WC and/or TiC

on COF of the sintered composites. During linear

reciprocating wear test, the wear debris are formed

on top of the worn surfaces owing to sliding of the

counter body (WC-Co, in this study). The wear debris

formed during the reciprocating wear tests are com-

pacted and welded into formation of a tribo-layer

during extended wear tests. As a result, SEM images

reveal that the wear tracks of ZS5T (Fig. 10d, g),

ZSTW (Fig. 10e, h) and ZS5W (Fig. 10f, i) composites

are covered with this tribo-layer. The evidence of

grain pull-out and wear debris is also indicated in

Fig. 10g–i. Similar microstructural investigation at

higher magnification shows evidences of delamina-

tion in the wear tracks, which indicates that abrasive

wear is the primary mechanism of material loss

during reciprocating wear test of these composites.

Figure 11a–c reveals the representative EDS ele-

mental compositional maps of the selected regions of

wear tracks. These elemental maps provide definite

evidences of material transfer or inter-diffusion

between the sliding bodies (i.e. UHTC composites

Table 8 The important nano-mechanical behaviour of spark plasma-sintered ZS5T, ZSTW and ZS5W composites

Composite Nano-

hardness

(GPa)

Indentation

modulus, E

(GPa)

The maximum

penetration depth, hmax

(nm)

The final depth,

hf (nm)

hf
hmax

1� hf
hmax

Stiffness,S

(mN nm-1)

ZS5T 19.65 ± 2.57 439.60 ± 39.11 1098.98 ± 61.22 763.03 ± 64.59 0.69 ± 0.03 0.31 ± 0.03 1.90 ± 0.10

ZSTW 19.68 ± 3.49 402.50 ± 48.99 1128.10 ± 67.55 750.58 ± 74.30 0.66 ± 0.04 0.34 ± 0.04 1.61 ± 0.17

ZS5W 17.27 ± 2.72 467.36 ± 40.66 1105.39 ± 43.42 770.50 ± 53.23 0.71 ± 0.04 0.29 ± 0.04 2.12 ± 0.12
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and WC counter body) and formation of tribo-layers

on the wear tracks. In case of ZS5T (Fig. 11a), the

presence of Zr, B, Si, C and Ti (from composite) and

W and C (from ball) was detected. In addition, the

presence of oxygen was noticed which hints at

localized oxidation of the sample during the wear

Figure 9 Representative nano-indentation curve of the sintered ZS5T, ZSTWand ZS5W composites. b Is the magnified view of the dotted

region of a.

Figure 10 Optical profilometry of the single wear tracks in a ZS5T, b ZSTW and c ZS5W composites after reciprocating wear test. SEM

images of wear tracks of d, g ZS5T, e, h ZSTW and f, i ZS5W composites.

436 J Mater Sci (2023) 58:420–442



test. Similar incidence of tribooxidation has also been

reported by Savchenko et al. [62] on the worn sur-

faces of ZrB2–20SiC (vol.%) composites after high

speed sliding wear experiments. Figure 11b shows

the distribution of Zr, B, Si, C, Ti and W (from ZSTW

composite), W and C (from WC counter body) and O

in the wear track, respectively. Similarly, Fig. 11c

records the presence of Zr, B, Si, C and W (from

ZS5W composite), W and C (from WC ball) and O in

the wear track of ZS5W composite, respectively.

The wear volume (WV) was calculated from the

geometrical data of the wear track obtained by optical

profilometry and is presented in Table 9. The mini-

mum wear volume of (6.18 ± 0.40) 9 10-3 cm3 was

recorded in case of ZS5W, while the maximum wear

volume of (8.66 ± 1.94) 9 10-3 cm3 was observed in

2.5 vol.% WC and TiC containing ZSTW composite.

The experimental wear rate (Wr exp) was determined

from the calculated wear volume according to the

following equation:

Wr exp ¼
WV

FNLn
: ð28Þ

In Eq. (27), FN; L and n represent the normal load,

sliding distance and total number of cycles, respec-

tively. Themaximumwear rate of (3.23 ± 0.15) 9 10-6

cm3N-1 m-1 was obtained in ZSTW, while the mini-

mum wear rate of (2.58 ± 0.17) 9 10-6 cm3N-1 m-1

was recorded in ZS5W. On the other hand, ZS5T

composite, which contains 5 vol.% TiC, offers inter-

mediate wear volume (= (7.61 ± 0.91) 9 10-3 cm3)

and wear rate (= (3.17 ± 0.38) 9 10-6 cm3N-1 m-1).

Owing to the synergistic reinforcement of TiC and/or

WC with SiC and the corresponding increase in hard-

ness and fracture toughness, ZS5T, ZSTW and ZS5W

composites record much low wear rate compared to

the base ZrB2–20 vol.% coarse SiC (= 3 9 10-3 cm3-

N-1 m-1) and ZrB2–20 vol.% fine SiC (= 6 9 10-4

cm3N-1 m-1) [63] composites, which were subjected

to ball-on-disc wear test under normal load of 10 N for

10 minmaintaining anRPMof 20. In order to assess the

relative effect of TiC and WC addition, the Archard

equation constant (k) [64] was determined from

Eq. (29) and is shown in Table 9.

DWV ¼ k
Fs
HV

Dx: ð29Þ

In Eq. (29), Dx stands for the sliding distance.

The minimum value of k (¼(4.93 ± 0.32) 9 10-4)

was obtained for ZS5W, which was followed by ZS5T

(k ¼(5.60 ± 0.18) 9 10-4) and ZSTW (k ¼(6.26 ±

0.75) 9 10-4), indicating that ZS5W offers the maxi-

mum resistance to wear loss despite the identical

wear conditions.

The fracture toughness exponent (a) [65] is corre-

lated with the wear volume (WV), hardness (HV) and

fracture toughness (Kc) of the material according to

the following equation:

a ¼ �
ln WVHb

V

� �
lnKc

: ð30Þ

The exponent b is considered to be 1.5 for ceramic

materials [65]. The highest fracture toughness expo-

nent (a ¼ 0.37 ± 0.04) was recorded by ZS5W,

whereas ZSTW offers the minimum value of a (¼
0.22 ± 0.07). Lower value of fracture toughness

exponent implies the higher wear volume loss. This

explains the reason behind relatively high wear vol-

ume loss in ZSTW. The following equation provides

the mathematical expression of brittleness index,

which is important to perform qualitative assessment

of wear behaviour of material:

Brittleness index BIð Þ ¼ H

Kc

: ð31Þ

The mean brittleness index of ZS5W was * 17.4%

and * 15.4% less than that of ZSTW and ZS5T,

respectively. Both the fracture toughness exponent

and brittleness index indicate that ZS5W offers the

minimum wear loss or best wear resistance under the

present experimental conditions when compared

with its counterparts. In addition to wear volume,

Table 9 summarizes the coefficient of friction,

experimental wear rate, brittleness index, Archard

equation constant and fracture toughness exponent of

the composites.

From the SEM images, the average track width in

ZS5T, ZSTW and ZS5W was found to be * 422, *
456 and * 367 lm, respectively. The optical pro-

filometry images indicate that the wear depth of

ZSTW is the highest followed by that of ZS5T and

ZS5W. When stroke length (= 2 mm) is fixed, the

higher track width and wear track depth in ZSTW

invariably indicates that the wear rate of ZSTW is

higher than that of its counterpart. This observation is

in line with the calculated value of experimental wear

rate, which shows that the wear rate of the present

composites follows the order: ðWr expÞZS5W\
ðWr expÞZS5T\ðWr expÞZSTW.
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Figure 11 EDS elemental map showing the formation of tribo-layer in the wear tracks of a ZS5T, b ZSTW and c ZS5W.

Table 9 The coefficient of friction, wear volume, experimental wear rate, Archard equation constant and fracture toughness exponent of

UHTC composites under consideration

Composite Coefficient of

friction

Wear

volume

(9 10-3

cm3)

Experimental

wear rate

(9 10-6 cm3

N-1 m-1)

Brittleness index (9

103 m-1/2) H=Kc

Archard equation

constant

(9 10-4), k

Fracture toughness

exponent, a

ZS5T 0.49 ± 0.06 7.61 ± 0.91 3.17 ± 0.38 3.32 ± 0.37 5.60 ± 0.18 0.26 ± 0.03

ZSTW 0.47 ± 0.08 8.66 ± 1.94 3.23 ± 0.15 3.40 ± 0.53 6.26 ± 0.75 0.22 ± 0.07

ZS5W 0.50 ± 0.05 6.18 ± 0.40 2.58 ± 0.17 2.84 ± 0.26 4.93 ± 0.32 0.37 ± 0.04
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Conclusions

In this study, the relative influence of TiC and WC

addition on densification, phase, microstructure,

mechanical properties, residual stress and wear

behaviour has been investigated in spark plasma-

sintered ZrB2–SiC composite. Based on the results

presented in this study, the following conclusions are

drawn:

(a) Spark plasma-sintered ZrB2–20SiC–5TiC

(vol.%) composites consolidated at 1700 �C for

5 min achieve 99.6% sintered density. How-

ever, addition of WC leads to relatively poor

densification under the same sintering cycle.

When sintered at 1800 �C for 10 min under

70 MPa pressure, WC containing ZrB2–20SiC–

2.5TiC–2.5WC (vol.%) and ZrB2–20SiC–5WC

(vol.%) achieve mean relative density of

98.33% and 99.65% (theoretical), respectively.

(b) XRD and SEM–EDS analyses substantiate that

no unreacted TiC is present in sintered ZrB2-

20SiC-5TiC (vol.%) composite. Instead, in situ

formation of (Zr,Ti)B2 solid solution could be

confirmed. The evolution of core–shell sub-

structure is noticed in ZrB2–20SiC–5WC (vol.%)

composite. WC containing composites (ZrB2–

20SiC–2.5TiC–2.5WC, ZrB2–20SiC–5WC) exhi-

bit the presence of free or unreacted WC in

addition to the in-situ evolution of ZrC, WB

and (Zr,W)B2 phases.

(c) The rule of mixture applied to the Hashin and

Shtrikman model indicated that coefficient of

thermal expansion of the sintered composite

decrease with increasing WC content. The

theoretically estimated and experimentally

determined thermal residual stress are found

to be in good agreement. The incorporation of

WC increases the residual stress of the matrix

and reinforcement phases.

(d) Owing to the combined effect of solid solution

strengthening, dispersion strengthening and

in situ formation of ZrC and WB phases,

ZrB2–20SiC–2.5TiC–2.5WC composite records

the maximum hardness (19.89 ± 0.65 GPa),

whereas, 5 vol.% WC containing composite

offers an excellent combination of indentation

toughness (6.23 ± 0.23 MPa
p
m), indentation

modulus (467.36 ± 40.66 GPa) and critical

energy release rate (90.49 ± 6.26 J m-2).

(e) Abrasive wear is the most significant mecha-

nism during the reciprocating wear test of the

sintered composites. Due to desirable combina-

tion of low brittleness index ((2.84 ± 0.26)

9 103 m-1/2) and high fracture toughness

exponent (0.37 ± 0.04), 5 vol.% WC containing

ZrB2-20SiC-5WC composite records the mini-

mum wear loss ((6.18 ± 0.40) 9 10-3 cm3) and

minimum wear rate ((2.58 ± 0.17) 9 10-6 cm3-

N-1 m-1) under the same experimental condi-

tions. SEM–EDS analysis confirmed that the

linear reciprocating wear test caused material

transfer between the specimen and the counter

body and gave rise to the formation of tribo-

layer on wear tracks.

Overall, the incorporation of both TiC and WC is

found to be beneficial in ZrB2–SiC system. For den-

sification, WC containing composites necessitate

higher temperature (1800 �C or more) in spark

plasma sintering route. The composites containing

TiC offered excellent hardness, whereas 5 vol.% WC

containing ZrB2–20SiC–5WC composite records the

highest toughness and modulus and provides the

best resistance to wear.
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