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a b s t r a c t

Spark plasma sintering was applied on ZrB2e25 vol% SiC composites doped with 2, 4 and 6wt% vana-
dium at 1900 �C for 7min under 40MPa pressure. A comprehensive microstructure-mechanical prop-
erties correlation study was carried out on the obtained near-fully dense composites. The composite
samples were microstructurally studied via scanning electron microscopy and energy dispersive spec-
troscopy. Phase analysis and mechanical investigations were carried out by X-ray diffraction spectrom-
etry and Vickers indentation method, respectively. The results indicated that vanadium not only
promotes reactive sintering mechanism, but also increases the fracture toughness via transformation
toughening mechanism, majorly due to the in-situ synthesized reinforcement phases such as VB2. It was
also found that besides the reinforcing effect of VB2, the obtained indentation fracture toughness may not
follow a distinct trend, particularly due to internal microcracking of VB2, derived by its volume changes.
Although increasing the vanadium content from 2 to 4wt% resulted in enhanced hardness (from 22.1 to
22.9 GPa) and fracture toughness (from 4.0 to 4.5MPam1/2), further vanadium addition up to 6wt%
worsened the hardness. Based on microstructural and phase analyses, such a decreased hardness was
attributed to the increased volume fraction of low-melting point reactive sintering byproducts, partic-
ularly SiO2 and VSi2.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

As a group of advanced ceramics, zirconium diboride and ZrB2-
based composites have drawn a great attention of materials sci-
entists through last two decades, due to their unique combination
of properties [1e3]. Relatively low density and high melting point
as well as favorable thermal shock resistance and chemical inert-
ness, makes ZrB2 a potential candidate for several modern struc-
tural applications, particularly in re-entry aerospace components,
spark resistive electrodes, cutting tools, etc [4,5]. Anyway, some
drawbacks including relatively unfavorable oxidation resistance at

temperatures higher than 800 �C, poor sinterability and low frac-
ture toughness, challenge the industrial applications of the
mentioned materials. Therefore, numerous brilliant efforts have
been recently dedicated to overcome such limitations which have
led to the promising outcomes [6e12].

Poor sinterability of ZrB2 is mainly attributed to its dominant
covalent atomic bonds, which causes very low self-diffusion coef-
ficient [8,13e15]. Therefore, fully-dense products are often ach-
ieved only using elevated sintering temperatures and high applied
pressures [6,15e22]. Applying high temperatures and pressures for
manufacturing of a bulk material leads to extensive grain growth
before complete densification (porosity removal), which conse-
quently result in poormechanical properties [12,23e25]. Therefore,
several strategies have been recently applied in order to improve
the characteristics of material, including reinforcing with second-
ary phases, using sintering aids, shortening the dwelling time via
modern sintering techniques, etc.
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For example, it has been indicated that carbide particles can act
as grain growth inhibitors during the sintering process of ZrB2-
based ceramics which significantly improve the outcomes
[6,8e13,25e28]. There are several published papers which have
reported enhanced hot-oxidation resistance of ZrB2-based ceramics
and simultaneously improved fracture toughness, using silicon
carbide as reinforcement. Whereas hot-oxidation resistance of
ZrB2eSiC composites is achieved due to reductivity of carbon and/
or formation of silicon-based phases, the latter outcome mostly
attributed to the effective role of silicon carbide particles in
avoiding excessive grain growth, as this reinforcement phase
favorably acts as grain boundary locker [29e40].

Anyway, reinforcing via secondary phases has its own issues,
namely challenges in providing strong interfaces. Surface oxide
impurities, low diffusion coefficients and heterogeneous distribu-
tion the morphology and size of the secondary phases are key pa-
rameters which influence the interfaces of SiC-reinforced ZrB2-
based ceramics [15,28,40e43]. Whereas several research works
endorse the effective role of additives and sintering aids in con-
trolling the two first parameters, mixing the raw materials in fluid
media, surface activation of reinforcement particles and in-situ
formation of the reinforcement phases seem to be potential solu-
tions for the latter case.

Based on a comprehensive literature review of this study,
several additives have been successfully used in ZrB2eSiC com-
posites, including metallic [16,17,40,44e53], ceramic [4,5,54e60]
and carbon/carbide additives [15,18,25,61e65]. About the metallic
additives, it is indicated that most of them not only promote the
densification of ZrB2eSiC composites via liquid phase and/or
reactive sintering mechanisms, but also provide strong ZrB2/SiC
and ZrB2/ZrB2 interfaces, remove the surface oxide impurities and
modify the surface tension of the particles (enhance the wettability
of composite components). It is also reported that some metallic
additives can increase the fracture toughness of ZrB2-based com-
posites, namely, Ni and Nb, which activate some toughening
mechanisms such as crack deflection and crack branching as well as
stress relaxation near the crack tip (due to the ductility of metals)
[44e48]. It is also worthy to note that some metallic additives such
as Hf, W, Zr, Al and Ti can improve the oxidation resistance of ZrB2-
based and ZrB2eSiC composites at elevated temperatures. The
favorable outcomes in this area are majorly attributed to the for-
mation of protective metal oxide layers on the surface of ZrB2-
based composites [49e52,66].

Besides their favorable impacts on densification behavior, the
mechanical properties and oxidation resistance of ZrB2-based
composites, metallic additives can potentially be used in order to
in-situ formation of reinforcement phases, as recently reported by
our research group in which, VB2 and ZrC phases were in-situ
formed during spark plasma sintering of V&C-codoped ZrB2 pow-
der (1900 �C, 7min, 40MPa) [62]. Considering the mentioned
approach, this study deals with the effect of metallic vanadium
additive on the microstructure, densification behavior and me-
chanical properties (hardness and fracture toughness) of
ZrB2e25 vol% SiC composites (without any carbon additives). Spark
plasma sintering method was used to minimize the dwelling time
and consequent grain growth, as well as providing the opportunity
of accelerated chemical reactions and in-situ formation of sec-
ondary reinforcement phases.

2. Experimental

2.1. Materials and process

Commercially pure ZrB2 (Xuzhou Hongwu, China, particle
size< 2 mm, purity: 99.9%) and vanadium (Riedel-de Ha€en,

Germany, particle size <45 mm, purity: 99.0%) as well as high purity
silicon carbide (Xuzhou Hongwu, China, particle size< 1 mm, pu-
rity: 99.5%) powders were used as the raw materials. Pre-
determined amounts of each as-received powders were weighed
and consequently dispersed separately in ethanol, using an ultra-
sonic mixer (Daihan WUC-D10H, Korea) for a period of 30min.
Powder slurries were then mixed and the powder mixtures were
again ultrasonicated for extra period of 30min. Evaporating the
ethanol media, the mixture slurries were heated up via a magnetic
hot plate agitator (Heidolph MR 3001 K, Germany) and fully dried
in an oven (Memmert Universal Oven Um, Germany) at 140 �C and
120 �C for 2 h and 24 h, respectively. The prepared powdermixtures
were finally ball-milled (GLEN, USA, Spex 8000) for 60min at
800 rpm in Ar atmosphere and sieved through a 100-mesh media.
The samples were labeled based on the coding system presented in
Table 1, loaded into graphite dies (diameter of 30mm and thickness
of 5mm) and sintered in a vacuum (5 Pa) spark plasma sintering
chamber (Nanozint 10i, Khalapoushan Felez Co., Iran) at 1900 �C for
7min under the external applied pressure of 40MPa.

2.2. Characterization

The theoretical (TD) and apparent densities (AD) of sintered
samples were determined based on the rule of mixtures and
Archimedes' principles (using distilled water as immersion media),
respectively. The relative density (RD) of each sample was then
calculated by dividing AD to TD. Phase analysis before and after the
sintering process was carried out via X-ray Diffraction spectrometer
(XRD: Philips PW1800, Cu lamp, l¼ 1.54 Å, 40 kV, 30mA). The
hardness of the samples was measured through indentation
method, using Vickers pyramid and the load of 5 kg (HV: Zwick
Roell ZHV10, Germany). Each hardness number was calculated by
averaging at least 4 separate indentations. The fracture toughness
of the materials was also determined based on the crack length
measurements (Indentation fracture toughness, IFT) from Vickers
indentation method, according to Anstis’ formula [67] as follows:

IFT ¼ 0:016
�
E
H

�0:5� L
C1:5

�
(1)

In which, E, H, L, and C are the elastic modulus, hardness (HV),
indentation load, and half of the radial crack length, respectively.
The crack lengths were directly measured using an Olympus BXiS
optical microscope. The calculated fracture toughness of the sam-
ples were obtained based on average measurements of at least four
indents on each sample. Further microstructural and morpholog-
ical investigations were carried out using a field emission scanning
electron microscope (FESEM, Tescan Mira3) equipped with energy
dispersive spectrometer (EDS: DXPeX10 P Digital XeRay
Processor).

3. Results and discussions

The FESEMmicrograph of the powder mixture of ZSV6 sample is
presented in Fig. 1 which indicates the homogenous distribution of
the raw materials in the powder mixtures as well as the particle
size of components. Based on the mentioned micrograph, the

Table 1
Coding system of SPSed samples.

Code SiC (vol%) V (wt.%)

ZSV2 25 2
ZSV4 25 4
ZSV6 25 6
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particle sizes of the powders seem to be completely matched with
those alleged by the suppliers. The morphology and XRD pattern of
the used materials can also be found elsewhere [18,62].

The XRD pattern of ZSV6 sintered sample is representatively
shown in Fig. 2, including several reactively formed phases. The
sample was chosen due to the highest volume fraction of the ad-
ditivematerial which provides the possibility of more precise phase
analysis of the sintered samples. As it can be clearly seen, whereas
no trace of remained vanadium was detected, XRD analysis in-
dicates the formation of two vanadium-containing compounds
including vanadium diboride (VB2) and vanadium disilicide (VSi2).
The formation of zirconium carbide (ZrC) and silicon oxide (SiO2) is
also worth to note.

According to new phases formed through spark plasma sinter-
ing process, the theoretical density and mechanical properties of
the sintered materials should be modified to include the new
components of the composite. Therefore, Rietveld refinement
method was used to measure the volume content of newly formed
phases in the composite and consequentmodification of theoretical

calculations based on the rule of mixtures. The refinement was
repeatedly carried out via standard XRD cards of the phases. The
most logical result was obtained on goodness of fit number of 3,
which are presented in Table 2.

As it can be clearly seen, the XRD pattern includes obvious peaks
of ZrB2 and SiC as the base components of the composite, as well as
distinct peaks of VB2 and ZrC as the main reactive sintering prod-
ucts. Such an in-situ synthesis of ZrC and VB2 reinforcement phases
depends on the availability of carbon and boron atoms, respec-
tively. Therefore, as SiC is the only source of carbon here, it should
be partially decomposed into C and Si atoms. Such a decomposition
reaction may be simultaneously occurred with the decomposition
of ZrB2 into Zr and B atoms. If due amounts of vanadium be avail-
able, the aforementioned decomposition reactions can be inte-
grated as follow:

2ZrB2 þ 2SiC þ 3V/2ZrC þ 2VB2 þ VSi2 DG<0 (2)

As the Gibbs free energy (DG0) of the reaction (1) is always
negative, it can be considered that the reaction is thermodynami-
cally favorable in every temperature. It confirms the presence of
ZrC, VB2 and VSi2 in the final component arrangement of the
composite, which is previously indicated by XRD analysis (Fig. 2).
All at all, the small amount of in-situ synthesized VSi2, although
results in some mutual peaks in the XRD pattern, but is not in the
range that can be refined via Rietveld method. In addition to the
natural errors of XRD analysis, errors may take place via Rietveld
refining method and cause inaccuracy in determining the fraction
of phases lower than 3wt%. Similar discussion can also be consid-
ered for SiO2, as another by-product of the reactive sintering pro-
cess. The results of the phase analysis will be more discussed
through microstructural investigations.

The back-scattered electron (BSE) micrographs of the polished

Fig. 1. FESEM (secondary electron mode) micrograph of the dispersed and dried ZSV6
powder mixture.

Fig. 2. XRD pattern of ZSV6 sample sintered at 1900 �C for 7min under 40MPa applied pressure.

Table 2
Phase composition of ZSV6 sample measured through Rietveld refinement method.

Detected Phases Volume fraction (vol%)

Before sintering After sintering

ZrB2 71.2 70.5
SiC 23.7 24.1
ZrC 0 0.5
VB2 0 4.9
SiO2 0 0
VSi2 0 0
V 5.1 0
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surface of samples are presented in Fig. 3. The FESEM images reveal
the well distribution of the composite components in all samples,
as well as the remained porosities. As it can be clearly seen, the
microstructures contain four distinct phases including ZrB2, SiC, ZrC
and VB2 (marked) with a color range of white to black. Due to very
small size of in-situ formed ZrC grains, they cannot be well
distinguished in Fig. 3 (see Fig. 4). It is also worth to note that
whereas the size of VB2 grains, which have been initiated from
starting vanadium powder particles, remained unchanged in
sample ZSV6, SiC grains encountered an obvious grain growth as
well as decrease in number. It may be due to higher contents of
vanadium which can promote the occurrence of chemical reaction
(1) and consequent consumption of SiC. Comparing the micro-
graphs, it also can be paraphrased that higher vanadium content
has resulted in lower porosity and/or better densification in sample
ZSV6. Based on previously published research works [62], such
phenomenon can be attributed not only to the positive role of
chemical reactions in sintering behavior (reactive sintering), but
also to the increasing volume of the synthesized VB2 phases which
can imply compressive tensions and consequent porosity removal.

Density measurements via Archimedes principles and rule of
mixtures revealed that fully-dense composites were obtained in all
three samples. Anyway, obvious porosities can be detected in
FESEM micrographs. Although the amount of porosities in FESEM
micrographs seem to be very small, such a difference in calculated
densities may occur due to the substantial errors of the density
measurements via aforementioned techniques, particularly, chal-
lenges in quantitative phase analyses based on Rietveld refinement

method. In other word, limitations in precise quantitative phase
analyses can lead to overestimation of the volume fractions of in-
situ formed phases (particularly in phases with notable differ-
ences in density, such as VB2 and SiC), can influence the calculated
theoretical density of the material and consequently, its relative
density. Anyway, FESEM micrographs of Fig. 3, can confirm
achieving near fully-dense composites, particularly in ZSV6 sample.

The phase arrangement of sample ZSV6 in higher magnification
and related EDS patterns of marked area are presented in Fig. 4.

According to Fig. 4a, it appears that most of the ZrC grains were
formed at the interfaces of ZrB2/SiC particles, as the only boron and
carbon sources in the composite. Based on the EDS pattern (Fig. 4b),
some traces of SiO2 can also be found in areas near the ZrC grains,
which can be due to the oxidation of silicon through the occurrence
of reaction (1). It should be noted that although the SPS process
were carried out in vacuumed atmosphere, surface oxide impu-
rities of SiC and ZrB2 particles (SiO2, ZrO2 and B2O3) can act as small
oxygen sources. The volume fraction of produced SiO2 at the in-
terfaces is negligible, as there is no distinct peak of SiO2 in XRD
pattern (See Fig. 2). Additionally, SiO2 melts at 1700 �C. Hence, the
formed SiO2 not only can participate in liquid phase sintering and
therefore deposits on interfaces and porosities, but also may form
an amorphous borosilicate phase (accompanied with surface B2O3
impurity) during the cooling process. Hence, it would not result in
distinct peaks in XRD pattern. All at all, the results of EDS analysis
here, are in good agreement with the XRD pattern of sample ZSV6.

Fig. 4a also indicates a favorable interface between ZrB2/VB2
grains, which can be attributed to the diffusion of boron atoms from

Fig. 3. Back-scattered electron FESEM images of the polished surface of (a) ZSV2, (b) ZSV4 and (c) ZSV6 samples.

Fig. 4. (a) Back-scattered electron micrograph of the polished surface of ZrB2e25 vol%SiC composite contained 6wt% vanadium and (b) related EDS pattern of the marked area.
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ZrB2 forward to the primary vanadium particles, or the reaction of
surface B2O3 (which can be melted and surrounds the vanadium
particles). Anyway, resulted VB2 grains may be cracked, due to
volume changes during the formation of vanadium diborides from
primary vanadium particles. Such cracks can be stretched into the
neighbor phases, as indicated by arrows in Fig. 4a. Although such
incidence may challenge the fracture toughness of the composite,
toughening mechanism activated by SiC and ZrC grains as well as
compressive tensions initiated from the formed VB2 phases can
play a constructive role in increasing the fracture toughness of the
vanadium contained ZrB2eSiC composites. An example of tough-
ening role of SiC and ZrC grains can be found in FESEM micrograph
of Fig. 5.

As it can be clearly seen, whereas SiC and ZrC particles majorly
promote toughening via crack deflection and branching mecha-
nism, Formed VB2 particles can participate in stopping a progres-
sive crack, mainly due to the compressive tension field surrounded
them. Such mechanism called transformation toughening; mainly
promoted by particles and phases with volume changes during the
formation and/or phase transformation [62,68]. The effects of such
volume changes can be more clarified via fractographical
investigations.

The FESEM fractographs of 2, 4 and 6wt% vanadium-contained
ZrB2e25 vol% SiC composites are presented in Fig. 6aec,
respectively.

Fig. 5. FESEM (back-scattered electron mode) micrograph of the polished surface of
sample ZSV4 showing the path of an indentation crack.

Fig. 6. Back-scattered FESEM fractographs of (a) ZSV2, (b) ZSV4 and (c) ZSV6 samples.
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The excessive grain growth of ZrB2 can be clearly seen in Fig. 6a,
where mainly occurred in SiC-depleted regions. Such behavior not
only can be attributed to the effective role of SiC in grain boundary
locking of ZrB2 (inhibiting the excessive grain growth), but also can
be accompanied with the compression stress field around the
formed VB2 grains, which may provide extra applied pressure and
promote atomic self-diffusion in ZrB2 grains. The formation of fine
ZrC particles (marked by thick black marker in Fig. 6a) is also
worthy to note. Therefore, it seems that the progression of chemical
reaction (1) led to the consumption of nearby SiC and ZrB2 particles
by vanadium and consequent formation of ZrC and VB2. Due dis-
cussions about the formation mechanism of VB2 were reported
elsewhere [62], but it should be noted that the mentioned chemical
reaction includes the primary formation of vanadium carbide (VC)
which will change to VB2 and ZrC in next steps. Therefore, at the
first step of reaction (1), SiC would be consumed as the carbon
source to form primary VC, leads to SiC depletion around the VB2
particles and consequently, neutralize the grain-locking effect of
silicon carbide and promote ZrB2 grain growth.

The aforementioned excessive grain growth may also be pro-
moted by the formation of low-melting point phases, e.g. SiO2,
which is formed around the chemical reaction sites (primary va-
nadium particles). Although no distinct peak of SiO2 was found in

XRD pattern, the mutual SiO2 and VSi2 (melting point 1710 [69]
and1650 �C [70], respectively) peaks in Fig. 2 can address the
decomposition of SiC particles, as these phases can be considered as
the byproducts of the reaction (1). The formation of these relatively
low-melting point reaction products can promote liquid-phase
sintering (LPS) mechanism, but may form an amorphous interfa-
cial phase (accompanied with B2O3 surface impurity), which may
negatively influence the mechanical properties. Fig. 6b shows the
FESEM fractograph of ZSV4 sample, including an in-situ formed
interfacial ZrC particle (marked with thick black marker) located in
SiO2 bed, based on the results of point EDS analysis (not included
here).

Fig. 6b also indicates a crack initiated from a VB2 particle (white
narrow markers) as well as a crack damped on VB2/ZrB2 interface
(black narrow markers). Whereas the initiation of the former crack
may be promoted by the volume changes during the formation of
VB2 from VC (see Ref. [62]), the latter case can confirm the positive
effect of mentioned volume changes in toughening of composite
(transformation toughening mechanism). Fig. 6c, FESEM fracto-
graph of ZSV6 sample, illustrates the mentioned crack types. As it
can be clearly seen, an internal crack initiated from VB2/VC inter-
face (white markers) has progressed to but finally stopped at the
highly-compressed and dense region around VB2 particle. Anyway,
such a crack may be transferred to the matrix and continue its
progression, which causes decreased fracture toughness of the
composite. On the other hand, such a highly-compressed and dense
region around the VB2 particles, as mentioned before, may act as
crack damping sites. For example, the crack marked via by black
arrows in Fig. 6c, has stopped when reached the mentioned region.

Conclusively, it seems that the volume changes during the for-
mation of VB2 may cause a dual toughening behavior in
ZrB2e25 vol% composites. Therefore, an optimum fraction of VB2 is

Table 3
Measured hardness and fracture toughness of the vanadium contained ZrB2e25 vol%
SiC composites.

Sample Hardness (GPa) Indentation fracture toughness (MPa.m1/2)

ZSV2 22.1± 0.5 4.0± 0.2
ZSV4 22.9± 0.7 4.5± 0.1
ZSV6 20.8± 0.4 4.4± 0.1

Fig. 7. Schematic drawing of the phenomena occurred during sintering process and toughening of ZrB2eSiCeV composites.
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expected to reach the improved mechanical properties. This hy-
pothesis can be confirmed according to the measured hardness and
fracture toughness of the samples, presented in Table 3.

As it can be seen in Table 3, ZSV4 sample shows the highest
mechanical characteristics. Therefore, it seems that in ZSV2 sample,
the amount of formed VB2 is not enough to promote the trans-
formation toughening mechanism. Whereas, highest hardness and
fracture toughness values were achieved in ZSV4 sample, a slight
decrease in IFT of ZSV6 can be attributed to higher fractions of VB2
whichmay promote the progression of internal cracks of VB2 grains
into the matrix. Higher fractions of VB2 may also be accompanied
with higher amounts of low-melting point byproducts such as SiO2,
which can cause lower hardness as reported in Table 3.

Fig. 7 schematically shows a conclusion of the effects of vana-
dium additive on densification behavior and mechanical properties
of ZrB2e25 vol% SiC composites.

4. Conclusions

Near fully-dense ZrB2e25 vol% SiC composites doped with 2, 4
and 6wt% vanadiumwere successfully sintered via spark plasma at
1900 �C for 7min under 40MPa applied pressure. The obtained
composites were then characterized through microstructural
studies as well as phase analysis and mechanical properties in-
vestigations. It was found that vanadium additive can promote
densification via reactive sintering mechanism in ZrB2e25 vol% SiC
composites. The possible toughening and strengthening mecha-
nisms were discussed. In conclusion, the effects of vanadium con-
tent on the characteristics of ZrB2e25 vol% SiC composites can be
illustrated through three competing phenomena, majorly take
place due to the formation of vanadium diboride and include:

(a) Excessive grain growth around primary vanadium particles
promoted by SiC depletion and formation of low-melting
point byproducts

(b) Formation of highly-compressed and dense microstructure
around the in-situ formed VB2.

(c) Progression of the cracks initiated from the expanding VB2
into the matrix and consequent toughness decrease.

In conclusion, it was found that the composite dopedwith 4wt%
vanadium shows the highest mechanical properties (HV: 22.9 GPa
and IFT: 4.5MPam1/2) as a fully-dense UHTC.

Data availability

The raw/processed data required to reproduce these findings
cannot be shared at this time due to technical or time limitations.
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