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ABSTRACT

KEYWORDS

Recently, microwave sintering has absorbed remarkable attention on the basis of enhanced
microstructural/mechanical characteristics in comparison with conventional sintering
techniques based on powder technology. This method not only can be employed for the
processing of metals, alloys, and metal matrix composites but also for the manufacturing of
advanced ceramics and ceramic matrix composites. Zirconium diboride (Z1B,) as an interesting
member of ultrahigh temperature ceramics is one of the most undertaking candidates in modern
structural ceramics applications. This paper reviews the processing-densification-mechanical
properties correlations in microwave-sintered ZrB,-based ceramics and composites. The text
concentrates on the microwave-assisted production of ZrB, divided into two categories:
synthesis of ZrB, powders by microwave sintering and sintering of ZrB,-based ceramics and
composites by microwave sintering. The effects of some additives and reinforcements, such as
B.4C, SiC, TiC, and MgO, on zirconium diboride's densification and mechanical properties are
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summarized.
© 2023 The Authors. Published by Synsint Research Group.

1. Introduction

Within the field of structural ceramics, specifically, aviation and
defense sectors, nuclear reactors, and other routine applications such as
thermal plants, refractory crucibles, and cutting apparatuses, efficiency
is basically directed by homogeneous microstructure, low defects/pores
and high density, uniform distribution of the secondary phases in the
matrix [1, 2].

In recent decades, a new encouraging route has prospected within the
carbides (ZrC, TaC, etc.), borides (HfB,, ZrB,, TiB,, etc.), and nitrides
(TaN, ZrN, HfN, etc.) of transition metals named ultra-high
temperature ceramics (UHTCs) [3, 4]. UHTCs have inimitable combos
of physical, mechanical, and tribological characteristics at elevated
temperatures, comprising high thermal/electrical conductivity,
chemical inertness to corrosive conditions, superb melting point, high

* Corresponding author. E-mail address: samira.savani@uni-jena.de (S. Savani)

hardness, and excellent thermal shock resistance [5-8]. Hence, these
ceramics are the most suitable candidates molten metal crucibles,
plasma electrodes, solar absorbers, and especially the production of
components of thermal protection systems for hypersonic and re-entry
atmospheric vehicles capable of withstanding severe flow conditions
[9-11].

Among the members of the UHTC family, ZrB, has a reasonable price
and an interesting mix of properties including chemical inertness,
relatively low density, resistance to oxidation especially under adverse
conditions, and good mechanical properties [4, 5]. Its structure consists
of alternating Zr and B planes in a hexagonal P6/mmm symmetry [12].
ZrB, is predominantly covalent in nature, consists of covalent B-B
bonds, metallic Zr-Zr bonds, and covalent/ionic Zr—B bonds, and also
has a low rate of self-diffusion [13-16]. The formation of surface
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oxides (B,O; and ZrO,) on ZrB, powder particles causes special
problems in the sintering and condensation process [17, 18].

To fabricate dense and low-porosity ZrB, samples, ceramic powders
should be sintered at high temperatures and preferably under pressure
[19, 20]. The hot-pressing process is one of the most important
methods, which of course has limitations, for example, this technique
takes more time and therefore consumes a lot of electricity or it is
limited to making parts with simple and uncomplicated shapes [21, 22].
Long heating and dwell time causes microstructure coarsening in the
sintered samples, which negatively affects mechanical properties
[23, 24]. To overcome such problems, new methods such as spark
plasma sintering [25-27], laser sintering [28], and microwave sintering
(please see next section) have been developed to help achieve
maximum relative density and improve properties.

This review paper consists of two main parts. In the first part, the
principles and definition of the microwave sintering process are
provided, and in the second part, the effects of sintering variables and
the introduction of additives, sintering aids, and secondary phases on
the relative density and mechanical properties of ZrB, ceramics are
discussed.

2. Basics of microwave sintering

The microwave sintering process was first proposed by Ford and Pei in
1967 at the Stanford University 2™ Symposium on Microwave Power
[29]. The major advantage of the microwave sintering technique is the
rapid and uniform heating of the sample because the energy required to
sinter the powder particles is coupled directly to the sample rather than
coming from an external source [30]. Fig. 1 shows the schematic sketch
of the microwave sintering process [31]. In general, increased relative
density and finer microstructure can be achieved for microwave-
sintered specimens compared to samples made by traditional sintering
methods [30].

3. Microwave-assisted production of zirconium diboride

In general, very limited articles have been published in the field of
microwave sintering of ZrB,. For example, by searching the terms
“microwave sintering” and ZrB, or “zirconium diboride” in the titles,
abstracts, and keywords of the published references, indexed in the
Scopus citation database, only 17 documents were found in March
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Fig. 1. Schematic sketch of the microwave sintering process. “© IOP
Publishing. Reproduced with permission from Ref. [31]. All rights
reserved”.

2023. This is probably due to the fact that ZrB, has electrical
conductivity and the possibility of coupling microwave energy in it is
limited [15, 32]. Anyway, in this article, an attempt has been made to
review such limited published literature.

3.1. Synthesis of ZrB; powders by microwave sintering

Deng et al. [33] synthesized ZrB, nano-particles via a polymer template
route using boric acid, zirconyl, chitosan, and mannitol by microwave
sintering in a furnace at 1300-1400 °C under an argon atmosphere.
They studied the effects of the ratio Zr to B and C, processing
temperature, and holding time on the purity of synthesized ZrB,. Using
the molar ratio of B/Zr/C=1/5.2/10, pure ZrB, was obtained. The
optimum temperature and time for microwave sintering were 1320 °C
and 1 h, respectively, to synthesize near spherical nano-powders
(50 nm) [33].

Microwave heating was employed by Ding et al. [34] to synthesize
ZrB, powders through the sol-gel route using zirconyl chloride
octahydrate, citric acid, boric acid, and mannitol as the starting
materials. They found that at the temperature of 1400 °C, the ZrB,
powder can be completely synthesized via microwave heating
technology, which was 300 °C less than the traditional options. At that
temperature for 1 h by microwave, ultra-pure and ultra-fine ZrB,
powders with near spherical morphology (1-2 um) were successfully
obtained using the B:Zr ratio of 2.77:1, and C:Zr ratio of 7.44:1 [34].

3.2. Sintering of ZrBi-based ceramics by microwave sintering

3.2.1. Microwave sintering of ZrB,—B,C ceramics

Zhu et al. [35] fabricated two-phase ZrB,—B,C ceramic composites
through microwave sintering of ZrB, powders with the addition of
4 wt% B4C. The samples were sintered at 1630, 1720, 1820, and
1920 °C for 90 min in a multimode microwave applicator (2.45 GHz)
with a heating rate of 50 °C /min and a cooling rate of 100 °C /min.
B4C addition promotes surface oxide removal from ZrB, powders. It
should be noted that such oxides cause grain coarsening at high
temperatures, which prevents full densification. Meanwhile, the
addition of B4C facilitates the microwave heating of ZrB, ceramic, due
to the fact that B4C is a microwave absorber, while ZrB; is an electrical
conductor [35].

The sintered sample at 1630 °C reached a relative density of 88%,
which indicates that this temperature was not enough for the complete
densification of the material. By increasing the sintering temperature to
1720 °C, the relative density increased by 10% compared to the
previous temperature and reached 98%. Reaching such a great relative
density at a relatively low sintering temperature proved that the
densification can be promoted using microwave sintering, at
temperatures lower than those required for conventional sintering
methods, without accelerating grain growth. Increasing the sintering
temperature to 1820 °C caused an increase in the relative density to
99.5%, but further increasing the temperature to 1920 °C led to a slight
decrease in this quantity. Therefore, the temperature of 1720 °C was
sufficient and there was no special reason for increasing the
temperature further [35].

The Vickers hardness values of the samples made at temperatures of
1630, 1720, 1820, and 1920 °C were reported as 10.5, 16.7, 17.5, and
15.45 GPa, respectively. Therefore, with the increase of the sintering
temperature up to 1820 °C, the hardness trend was upward, but the
further increase of the manufacturing temperature to 1920 °C led to a
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drop in the hardness. Naturally, with the increase in sintering
temperature, the relative density of the composites improved, and the
amount of porosity decreased, and therefore the hardness obtained was
higher. Due to the hexagonal structure and anisotropic thermal
expansion of ZrB,, the excessive increase in temperature up to 1920 °C
caused the growth of grains; hence, during cooling it caused residual
stresses and the formation of microcracks, which was the reason for the
decrease in the hardness of the sample at the mentioned temperature
[35].

The fracture toughness showed a different behavior and with increasing
the processing temperature, it faced a further decrease, so that it
decreased from 3.8 MPa.m'? for the sample made at 1630 °C to
2.5 MPa.m'? for the sample sintered at 1920 °C. The high fracture
toughness in the sample with 12% porosity was attributed to the
toughening mechanism of crack arresting by the pores. It seemed that
the presence of secondary B4C phase could not activate other
toughening mechanisms such as crack deflection and crack bridging in
the ZrB, microwave sintered ceramics [35].

3.2.2. Microwave sintering of ZrB,—SiC ceramics

Similar to B4C, SiC is also a beneficial absorber of microwave energy.
Sharma and Karunakar [31] examined the effects of microwave
sintering process parameters on the densification of ZrB,—30 vol% SiC
ceramics. They fabricated the composite samples at different sintering
temperatures (1600—1900 °C), for various soaking times (30-50 min),
with different heating rates (15-35 °C/min) in a microwave chamber
with 3 kW power output and 2.45 GHz frequency under argon
protection.

Microstructural investigation showed a homogeneous SiC dispensation
in the microwave-sintered ZrB, matrix. In addition to the peaks of ZrB,
and SiC as the main ingredients of the mixture, the phase analysis by
X-ray diffraction (XRD) confirmed the peaks of ZrO, and B,C in some
samples, the former being due to the presence of impurities in the as-
received ZrB,; powder and the latter because of the possible reactions of
boron with carbon. The ZrO, degraded the relative density and
hardness, but the B4C resulted in higher relative density and hardness
[31].

A relatively dense sample with a relative density of 97.4% was
achieved at 1800 °C, for 40 min with 15 °C/min heating rate. The

relative density enhanced with increasing the sintering temperature up
to 1800 °C but then dropped. In a similar trend, the relative density
increased from the soaking time of 20 min to 40 min and then
decreased. Such observations for relative density degradation were
related to the high-temperature oxidation at prolonged soaking time. By
increasing the heating rate, the relative density was decreased which
might be attributed to the micro-cracking occurring due to the
generation of residual stresses in the composite materials because of
the difference in the thermal expansion coefficient of the constituents
[31].

A Vickers hardness of 16.8 GPa was achieved at 1800 °C, for 40 min
with 15 °C/min heating rate. The hardness enhanced with increasing
the sintering temperature from 1600 to 1800 °C but then decreased.
More residual stresses induced during cooling from a higher
temperature and more porosity resulted in hardness degradation. The
hardness increased as the soaking time increased from 30 to 40 min but
then dropped for the time of 50 min. In addition, with increasing the
heating rate, the hardness of the sintered composites decreased [31].
Among the composites sintered at various temperatures from 1600 to
1900 °C, the highest fracture toughness of 5.1 MPa.m"? belonged to the
sample developed at 1700 °C. The Vickers indentation impression,
some cracks, and several toughening mechanisms detected in the
sample sintered at 1700 °C for 40 min with 25 °C/min heating rate are
presented in Fig. 2. Among the fabricated composites for soaking times
of 30, 40, and 50 min, the maximum fracture toughness (4.7 MPa.m'?)
belonged to the one sintered for 50 min. In fact, higher soaking time led
to grain growth that acted as crack deflectors. Among the samples
sintered with different heating rates of 15, 25, and 35 °C/min, the

highest fracture toughness (4.4 MPa.m'?

) was obtained with the
heating rate of 15 °C/min. The greater heating rate resulted in micro-
cracking during the cooling step [31].

In continuation, Sharma and Karunakar [36] studied the significance of
input control factors of the microwave sintering process (sintering
temperature, holding time, and heating rate) on the output responses of
relative density, compressive strength, and hardness for ZrB,-30 vol%
SiC ceramics. The experiments were performed employing the Taguchi
method (L9 orthogonal array). Analysis of variance (ANOVA) showed
that all three input factors can significantly affect the relative density,
hardness, and strength. However, the sintering temperature and soaking

Fig. 2. a) Vickers indentation and b) cracks and toughening mechanisms in the ceramic sintered at 1700 °C for 40 min with a

heating rate 25 °C/min. “© IOP Publishing. Reproduced with permission from Ref. [31]. All rights reserved”.
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Fig. 3. XRD patterns of the microwave-sintered ZrB,—SiC-based

20 (degree)

ceramics with different amounts of MgO additives. In naming the samples,

the number before S indicates the amount of SiC and the number before M indicates the amount of MgO. “© Reproduced from Ref. [38]

(J. Mater. Sci.) with permission from Springer Nature Customer Service Centre. All rights reserved. The Licensed Material is not part of the
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time were the prime factors. The optimum microwave sintering

conditions were 1850 °C temperature, 25 min soaking time, and

20 °C/min heating rate [36].

Wang et al. [37] prepared ZrB,—SiC ceramics, reinforced by mixtures

of SiC particles/whiskers, through microwave sintering. The SiC

whiskers and SiC particles with a volume ratio of 1:1 and total amounts
of 0, 10, 20, and 30 vol% were added to the ZrB, matrix. The
composites were densified in a microwave chamber at 1850 °C under
argon protection with a power output of 1-10 kW and frequency of

2.45 GHz.

The ZrB, sample without additives reached a relative density of 94%

after microwave sintering, and with the addition of SiC and increasing

its amount, the relative density finally increased to 100% by adding a

total of 30 vol% SiC. The researchers believed that the introduction of

SiC enhanced the densification for the following reasons:

e As the microwave absorber during the heating step, SiC assisted in
the densification of ZrB,.

e Finer particles of SiC additives, both whiskers, and particulates,
than the ZrB, matrix provided a better possibility to fill the grain
boundaries.

e Eutectic reaction of SiO, (surface oxide impurity of SiC particles
and whiskers) with ZrO, and B,0O; (surface oxide impurities of
Z1B,) removed such harmful layers. The eutectic reactions not only
prevented grain coarsening of ZrB,, but also boosted the sintering
progress because of accelerated mass transfer in liquid phase.

Of course, it should be noted that only the first reason is

exclusive to the microwave sintering process. The second and

third reasons can be generalized for other processes as well [37].

Generally, the flexural strength enhanced with increasing SiC

content, reaching a maximum of 625 MPa for ZrB,-20 vol%

SiC composite from 577 MPa for the monolithic SiC-free

ceramic. Increased flexural strength by SiC addition was

attributed to the boosted densification and grain refinement

phenomena. Anyway, the flexural strength decreased to 540

MPa with the addition of 30 vol% SiC, due to the fine SiC

particles/whiskers agglomeration [37].

The fracture toughness showed a similar increasing and then
decreasing trend like the flexural strength. The lowest fracture
toughness was obtained for the monolithic ZrB, sample
(4.0 MPam') and the maximum value was measured for the
composite containing 20 vol% SiC additive (7.2 MPa.m'?). The
fracture toughness improvement was related to the activation of
toughening mechanisms such as crack deflection, whiskers pull
out, and crack branching. The drop in fracture toughness with
the addition of 30 vol% SiC was attributed to the decrease in

flexural strength and the reasons mentioned for it [37].
3.2.3. Microwave sintering of ZrB,—~SiC-MgO ceramics

Sharma and Karunakar [38] investigated the effect of MgO addition
(1-3 vol%) on the ablation and mechanical properties of microwave-
sintered ZrB,—25 vol% SiC ceramics. The sintering process was carried
out at 1800 °C for 40 min with a 15 °C/min heating rate under an argon
atmosphere employing a microwave chamber with 3 kW power output
and 2.45 GHz frequency.

The phase analysis by XRD identified the peaks of forsterite (Mg,SiO,)
along with the ZrB,, SiC, and MgO as the starting powders (Fig. 3).
Reaction of SiO, and MgO led to the synthesis of Mg,SiO, phase. The
liquid phase formation due to the addition or formation of the
secondary phases resulted in densification enhancement at relatively
lower temperatures. In other words, the addition of MgO decreased the
manufacturing temperature [38].

A uniform distribution dispersion of SiC and MgO was seen in the
matrix of ZrB, up to the MgO amount of 2 vol%. Higher MgO additive
resulted in the agglomeration and non-uniform dispersion of MgO in
the ZrB,—SiC microstructure. Generally, the introduction of MgO
prevented extreme grain growth in the ZrB,—SiC materials. The
addition of 2 vol% MgO resulted in the maximum relative density due
to the MgO pinning effect, but more additives dropped this
characteristic because of the agglomeration and non-uniform
distribution of MgO in the sintered samples [38].

The introduction of 2 vol% MgO led to the highest hardness. The
porosities among the ZrB, matrix and SiC reinforcement phase led to
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Fig. 4. Vickers indentation impressions and toughening mechanisms in the microwave-sintered ZrB,-SiC-based ceramics with different amounts of

MgO additives. In naming the samples, the number before S indicates the amount of SiC and the number before M indicates the amount of MgO. “©

Reproduced from Ref. [38] (J. Mater. Sci.) with permission from Springer Nature Customer Service Centre. All rights reserved. The Licensed

Material is not part of the governing OA license but has been reproduced with permission”.

reduced hardness. The MgO addition intensified the fracture
toughness of the composite materials as the maximum property was
achieved with 3 vol% MgO. This sample showed the crack impeding
because of the open pores. Anyway, the dominant toughening
mechanisms were crack deflection, crack bridging, and particle pull-out
(Fig. 4) [38].

The addition of MgO improved the ablation resistance and the samples
with 2 vol% MgO showed the best performance against the ablation
because of the synthesis of stable glassy layers of MgZrSiO, and
Mg,SiOs, which acted as protective barriers against the oxygen
diffusion. The ablation mechanism was also described by Sharma and
Karunakar [38].
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Fig. 5. XRD patterns of the microwave sintered ZrB,—SiC-TiC ceramics with different amounts of carbide additives. In naming the
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Fig. 6. Microstructures of the microwave sintered ZrB,—SiC-TiC ceramics with different amounts of carbide additives. In naming the
samples, the number before S indicates the amount of SiC and the number before T indicates the amount of TiC. “© Reprinted from
Ref. [39] with permission from Elsevier. All rights reserved”.
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number before T indicates the amount of TiC. “© Reprinted from Ref. [41] with permission from Elsevier. All rights reserved”.

3.2.4. Microwave sintering of ZrB,~SiC-TiC ceramics
Sharma and Karunakar [39, 40] investigated the influences of the co-
addition of SiC (20, 25, and 30 vol%) and TiC (5, 10, and 15 vol%) on
the microstructure-properties correlations in the microwave-sintered
ZrB,-based ceramics. The samples were fabricated in a microwave
sintering furnace with two 3-kW magnetrons at 1800 °C for 40 min
with a 25 °C/min heating rate under argon protection to prevent
oxidation.

Plasma Flame

layer

layer

Porous ZrO,+ SiO,

Dense ZrO,+ SiO,

Along with the main peaks of ZrB,, TiC, and SiC, the in-situ
synthesized solid solutions of (Zr,Ti)B, and (Zr,Ti)C were identified by
the XRD analysis (Fig. 5). Moreover, no ZrO, peaks were detected in
the sintered ceramics due to the possible reaction of ZrO, with TiC and
the formation of (Zr,Ti)C [39].

The relative density increased with more addition of SiC from 20 to
25 vol% but then dropped with a further addition to 30 vol% because of
the local formation of high-temperature regions around SiC that

Plasma Flame

Porous ZrO,+ Si0, +TiO,
layer

Dense ZrO,+ Si0, +TiO,
layer

Fig. 8. Schematic representation of ablation mechanisms in the microwave-sintered ZrB,—-SiC and ZrB,—SiC-TiC ceramics. “© Reprinted from Ref. [41]

with permission from Elsevier. All rights reserved”.
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resulted in thermal runaways. Due to the non-uniform microwave increasing the TiC content from 5 to 10 vol%, the interconnectivity of
heating, the developed thermal runaways in the sample led to residual SiC in the ZrB,-SiC ceramics was reduced, which bested the
porosity and micro-cracking. The addition of TiC caused a more sinterability. Further introduction of TiC to 15 vol% decreased the
homogenous microwave field and eliminated the thermal runaways. By relative density because of the mismatch in the coefficients of thermal

Table 1. Density and mechanical properties of microwave sintered ZrB,-based ceramics.

Composition Sintering conditions Relative Mechanical properties* Ref.
density

ZrB,—SiC 30 vol% 1600 °C/40 min/argon, heating rate: 25 °C/min 74.5% HV: 10.1 GPa, K;¢: 4.8 MPa.m'? [31]

1700 °C/40 min/argon, heating rate: 25 °C/min 91.6% HV: 11.4 GPa, K,¢: 5.1 MPa.m'?
1800 °C /40 min/argon, heating rate: 25 °C/min 96.0% HV: 16.6 GPa, K;c: 3.9 MPa.m'?
1900 °C/40 min/argon, heating rate: 25 °C/min 94.4% HV: 13.2 GPa, K,¢: 3.9 MPa.m'?
1800 °C/30 min/argon, heating rate: 25 °C /min 96.0% HV: 15.9 GPa, K,¢: 4.3 MPa.m'?
1800 °C/50 min/argon, heating rate: 25 °C/min 90.1% HV: 13.2 GPa, K;¢: 4.7 MPa.m'?
1800 °C/40 min/argon, heating rate: 15 °C/min 97.4% HV: 16.8 GPa, K;c: 4.4 MPa.m'?
1800 °C/40 min/argon, heating rate: 35 °C/min 93.4% HV: 12.6 GPa, K c: 4.2 MPa.m'”?
7rB,-B,C 4 wt% 1630 °C/90 min/argon, heating rate: 50 °C/min 88.0% HV: 10.5 GPa, K,¢: 3.8 MPa.m'? [35]
1720 °C/90 min/argon, heating rate: 50 °C/min 98.0% HV: 16.7 GPa, K c: 3.2 MPa.m'”?
1820 °C/90 min/argon, heating rate: 50 °C/min 99.5% HV: 17.5 GPa, K;¢: 2.8 MPa.m'?
1920 °C/90 min/argon, heating rate: 50 °C/min 99.0% HV: 15.4 GPa, K;¢: 2.5 MPa.m'?
ZrB,-SiC 30 vol% 1650 °C/25 min/argon, heating rate: 10 °C/min 83.4% HV:10.1 GPa, CS: 421 MPa [36]
1650 °C/35 min/argon, heating rate: 15 °C/min 85.6% HV: 11.4 GPa, CS: 438 MPa
1650 °C/45 min/argon, heating rate: 20 °C/min 80.2% HV: 10.9 GPa, CS: 452 MPa
1750 °C/25 min/argon, heating rate: 15 °C/min 94.0% HV: 14.6 GPa, CS: 509 MPa
1750 °C/35 min/argon, heating rate: 20 °C/min 96.0% HV: 16.4 GPa, CS: 651 MPa
1750 °C/45 min/argon, heating rate: 10 °C/min 94.4% HV: 15.1 GPa, CS: 637 MPa
1850 °C/25 min/argon, heating rate: 20 °C/min 95.8% HV: 15.9 GPa, CS: 683 MPa
1850 °C/35 min/argon, heating rate: 10 °C/min 96.1% HV: 16.1 GPa, CS: 605 MPa
1850 °C/45 min/argon, heating rate: 15 °C/min 94.9% HV: 15.4 GPa, CS: 586 MPa
Z1B, 1850 °C/argon 94.0% FS: 577 MPa, K,¢c: 4.0 MPa.m"? [37]
Z1By—SiCoaricte 5 V01%—SiCypisker 5 v01% 1850 °C/argon 97.3% FS: 614 MPa, K,¢: 6.1 MPa.m'? [37]
Z1Br-SiCpuriicte 10 vol%—SiCypigker 10 vol% 98.6% FS: 625 MPa, K;¢: 7.2 MPam'?
Z1By—SiCparicte 15 v01%—SiCypisker 15 vO1% 100.0% FS: 540 MPa, K,¢: 6.1 MPa.m'?

ZrB,-SiC 25 vol% 1800 °C/40 min/argon, heating rate: 15 °C/min 97.4% HV: 13.0 GPa, K¢: 5.1 MPam'? [38]
ZrB,—SiC 25 vol%-MgO 1 vol% 1800 °C/40 min/argon, heating rate: 15 °C/min 97.9% HV: 15.0 GPa, K c: 5.6 MPa.m'? [38]
Z1B,-SiC 25 vol%-MgO 2 vol% 98.0% HV: 15.9 GPa, K,¢: 6.3 MPa.m'?

Z1B,-SiC 25 vol%-MgO 3 vol% 97.6% HV: 15.1 GPa, Kjc: 6.8 MPa.m'?
ZrB,-SiC 20 vol%-TiC 5 vol% 1800 °C/40 min/argon, heating rate: 25 °C/min 94.4% HV: 15.7 GPa, FS: 522 MPa, CS: 306 MPa, [39]

Kic: 5.9 MPa.m'?

ZrB,-SiC 25 vol%-TiC 5 vol% 96.9% HV: 19.2 GPa, FS: 549 MPa, CS: 319 MPa,
Kic: 5.7 MPa.m'?

ZrB,-SiC 30 vol%-TiC 5 vol% 96.3% HV: 19.1 GPa, FS: 542 MPa, CS: 315 MPa,
Kic: 5.1 MPa.m'?

ZrB,-SiC 25 vol%-TiC 10 vol% 98.1% HV: 21.8 GPa, FS: 597 MPa, CS: 326 MPa,
Kic: 6.1 MPa.m'?

ZrB,-SiC 25 vol%-TiC 15 vol% 96.1% HV: 16.4 GPa, FS: 577 MPa, CS: 320 MPa,
Kic: 6.4 MPa.m'?

* HV: Vickers hardness, CS: Compression strength, FS: Flexural strength, K,c: Fracture toughness, (Note: the numbers in this table are rounded.)
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expansion. The diffusion of TiC in the matrix of ZrB, was verified by
microstructural investigations (Fig. 6) [39].

The mechanical properties such as hardness, compression strength, and
flexural strength were boosted by increasing the SiC amount from 20 to
30 vol% in the ZrB, ceramics doped with 5 vol% TiC. Anyway, the
fracture toughness dropped by increasing SiC content from 20 to
30 vol%. The mechanical performance was further boosted by the
addition of more TiC from 5 to 15 vol% in the ZrB,-25 vol% SiC
specimens. The maximum relative density, hardness, and strength
(flexural and compression) belonged to the ZrB,-25 vol% SiC-10
vol% TiC sample, whereas the ceramic co-doped with 25 vol% SiC and
15 vol% TiC had the maximum fracture toughness [39].

Sharma and Karunakar [41] also studied the role of TiC addition
(5-10 vol%) on the thermal shock resistance and ablation behavior
of microwave-sintered ZrB,—25 vol% SiC ceramics. The introduction
of TiC led to the synthesis of TiO, and ZrO,.TiO, films on the surface
of oxidized ceramics (Fig. 7), which resulted in improved resistance
against ablation and thermal shock. The schematic illustrations of the
ablation mechanisms in TiC-free and TiC-doped ZrB,—SiC composites
are shown in Fig. 8. The improvement in thermal shock resistance was
attributed to the high fracture toughness and flexural strength of the
sintered ceramics [41].

The results obtained for the relative density and mechanical properties
of different ZrB,-based ceramics produced by the microwave sintering
method in different conditions and with various additives are

summarized in Table 1.
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4. Concluding remarks

Among the interesting family of UHTCs, ZrB, is a non-oxide unique
ceramic candidate for ultrahigh temperature applications specifically in
the aerospace industry such as rocket nozzles, space shuttles, jet vanes,
re-entry hypersonic vehicles, in addition to general applications like
molten metal crucibles, parts in nuclear power plants, and high-
temperature electrodes. For manufacturing appropriate ceramic parts, it
seems necessary to select the best sintering method to reduce the
defects and improve the properties as much as possible. Therefore, to
develop dense ZrB, bulks with few defects, microwave sintering can be
employed as an effective fabrication route to enhance the
microstructural/mechanical ~ characteristics ~ compared to  the
conventional powder technology sintering techniques. The basics of the
material and the process were reviewed in this paper in order to clarify
the processing-densification-properties correlations in microwave-
sintered ZrB,-based UHTCs. The microwave-assisted production of
zirconium diboride such as the synthesis of ZrB, powders as well as the
sintering of bulk materials was also reviewed. Moreover, the roles of
some carbides (B4C, SiC, and TiC) and oxide (MgO) additive
materials, based on the available published data in the literature, on the
densification and mechanical behavior of ZrB, were summarized.
Considering the importance of this process and the limited number of
published papers, researchers can focus and pay more attention to the
microwave sintering of ZrB, and its composites.
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