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A B S T R A C T 
 

KEYWORDS 

The incorporation of 1 wt% hexagonal BN (hBN) into ZrB2–30 vol% SiC could noticeably 
better the fracture toughness, hardness, and consolidation behavior of this composite. This 
research intended to scrutinize the effects of various amounts of hBN (0–5 wt%) on different 
characteristics of ZrB2–SiC materials. The hot-pressing method under 10 MPa at 1900 °C for 
120 min was employed to sinter all designed specimens. Afterward, the as-sintered samples 
were characterized using X-ray diffractometry (XRD), field emission scanning electron 
microscopy (FESEM), energy-dispersive X-ray spectroscopy (EDS), and Vickers technique. 
The hBN addition up to 1 wt% improved relative density, leading to a near fully dense sample; 
however, the incorporation of 5 wt% of such an additive led to a composite containing more 
than 5% remaining porosity. The highest Vickers hardness of 23.8 GPa and fracture toughness 
of 5.7 MPa.m1/2 were secured for the sample introduced by only 1 wt% hBN. Ultimately, 
breaking large SiC grains, crack bridging, crack deflection, crack branching, and crack 
arresting were introduced as the chief toughening mechanisms in the ZrB2–SiC–hBN system.  
© 2021 The Authors. Published by Synsint Research Group. 
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 Introduction 1.

Superior melting point, excellent hardness, high elastic modulus, and 
high thermal and chemical stability are some of the outstanding 
characteristics of zirconium diboride (ZrB2), which have made this 
ultra-high-temperature ceramic (UHTC) suitable for many applications, 
e.g., turbine blades, cutting tools, crucibles, armor, leaning edges, 
thermal shields, and so forth [1–4]. Besides, ZrB2-based materials are 
widely used in electrical discharge devices and electrodes, owing to 
their acceptable thermal conductivity [5–8]. Nevertheless, poor 
sinterability and fracture toughness of ZrB2 has restricted its 
applications to some extent, which should be addressed in one way or 
another [9–11]. 
One   possible   solution   to   tackle  the  poor  sinterability  of  ZrB2  is 

 
implementing a modern sintering process like hot-press sintering (HP) 
and spark plasma sintering (SPS) in place of the conventional powder 
metallurgy technique [12–16]. The intrinsic characteristics of the HP 
and SPS routes have made them suitable to produce dense ZrB2-based 
ceramics at roughly low sintering temperatures [17–20]. Furthermore, 
since the dwelling time of the SPS process is relatively short, the grains 
have not enough time to excessively grow, which may result in 
ceramics with improved mechanical properties [21–24]. On the other 
side, many scientists have tried to improve the densification behavior 
and mechanical features of ZrB2 by incorporating some appropriate 
sintering additives. SiC, TiC, Si3N4, hBN, AlN, ZrO2, sialon, and 
various carbonaceous phases are amongst the frequent additives studied 
by various researchers [25–28]. Sometimes, a chemical reaction 
between a secondary phase and the matrix results in forming some 
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nano-sized in-situ phases, which can affect the mechanical 
characteristics positively [29–34]. 
The densification behavior and microstructure of ZrB2−SiC materials 
under various hot-pressing temperatures were assessed by Nguyen      
et al. [35]. Though the composite HPed at 1650 °C contained almost 
8% remaining porosity, one sintered at 2050 °C reached its near full 
density, indicating the magnificent role of sintering temperature in 
improving the sinterability of the ZrB2−SiC system. However, higher 
sintering temperature led to a rise in the average grain size of the ZrB2 
matrix and roughly doubled it. Both microstructural images and XRD 
spectra endorsed the unreactivity of the ZrB2−SiC system at all three 
hot-pressing temperatures. On the other hand, it was found out that 
different mechanisms were responsible for densifying the samples 
sintered at various temperatures. In short, particle fragmentation and 
rearrangement mechanisms were governing at low hot-pressing 
temperatures, while the role of plastic deformation and diffusion was 
predominant at higher temperatures. Xia et al. [36] studied the AlN 
added ZrB2−SiC materials fabricated by both pressureless sintering and 
hot-pressing techniques. All specimens were sintered at a similar 
sintering temperature of 1900 °C. Regarding the HPed samples, though 
the introduction of 1 wt% AlN led to a near fully dense composite, 
incorporating more AlN content had no noticeable effect on the relative 
density of ZrB2−SiC. By contrast, more AlN weight percentage 
resulted in more residual porosity in the ceramics sintered by 
pressureless sintering method so that the 5 wt% AlN added ZrB2−SiC− 
sample contained almost 30% residual porosity. Besides, Nguyen et al. 
[37] performed a similar investigation on the ZrB2−SiC−AlN materials 
under the hot-pressing conditions of 10 MPa, 120 min, and 1900 °C. 
Microstructural observations revealed the activation of another 
densification mechanism, namely liquid phase sintering, in such a 
system, thanks to the presence of oxide impurities on the employed 
starting powders. Nguyen et al. [38] also scrutinized the influence of 
SiC incorporation on the mechanical properties, microstructure, and 
consolidation of ZrB2−hBN composites. The specimens were SPSed at 
2000 °C under 30 MPa for 5 min. It was manifested that SiC has a 
great effect on the densification behavior of ZrB2−hBN system, 
boosting relative density by more than 4%. According to their results, 
both sintering systems were unreactive, and only compounds associated 
with the original phases were present in the final ceramics. Moreover, 
the ternary composite was examined by the nano-indentation method, 
which results were as follows: hardness of ~20 GPa and elastic 
modulus of ~375 GPa. Finally, Wu et al. [39] assessed the impact of 
hBN content on various characteristics of the hBN added ZrB2−SiC 
samples. They used B4C, Si3N4, and ZrH2 as the starting materials, 
synthesizing using the reactive SPS method at 1900 °C. Both SEM and 
TEM images revealed the formation of nano-sized intragranular and 
micro-sized intergranular hBN particles. The effect of hBN content on 
hardness, elastic modulus, and flexural strength of samples was highly 
negative. For instance, while the hardness of ceramic containing no 
hBN content was almost 19 GPa, it reached down to ~2 GPa for the 
sample with 30 vol% hBN. However, the flexural strength hit a peak at 
~750 MPa when 5 vol% hBN was available in the system. 
Similar to the latter research project, in this paper, we have tried to 
study the effect of hBN on the consolidation behavior, microstructure, 
fracture toughness, and hardness of ZrB2−30 vol% SiC materials, but in 
low contents (0, 1, 3, and 5 wt%). Also, the ZrB2, SiC, and hBN 
ingredients were utilized as the starting powders, which were hot-
pressed under 10 MPa at 1900 °C for 120 min. Subsequently, the X-ray  

Table 1. The list of starting materials. 

 
diffractometry (XRD), field emission scanning electron microscopy 
(FESEM), energy-dispersive X-ray spectroscopy (EDS), and Vickers 
techniques were employed to characterize the HPed samples. 

 Experimental procedure 2.

2.1. Starting materials and fabrication method 

The commercially available hBN, SiC, and ZrB2 powders were 
employed in this examination as the starting powders. The 
characteristics of these as-purchased substances are summarized in 
Table 1. Moreover, 4 wt% phenolic resin was added to each sample as 
a binder. Since the objective of this work was to evaluate the influences 
of hBN content on the densification behavior, microstructure, and 
mechanical properties of the ZrB2−30 vol% SiC composites, four 
different compositions were designed to be sintered (Table 2). Initially, 
the ingredients of each composition were precisely weighed, and 
subsequently, they were dispersed mechanically in an ethanol medium 
by a jar-mill device. The ethanol medium was removed using a rotary 
evaporation facility at 90 °C. Next, the dried mixtures were ground 
(using an agate mortar) and screened (using a 100-mesh sieve) to attain 
homogenous admixtures samples. Finally, they were sintered under 10 
MPa at 1900 °C for 120 min by a hot-pressing apparatus. The graphite 
die used in this process was lined by a double layer of graphite foil to 
prevent from reactions between the admixtures and the mold. 

2.2. Characterization 

First of all, the relative density of each sample was calculated as a 
proportion of its bulk and theoretical densities. Afterward, an XRD 
(PW1800, Philips) was employed to study the HPed specimens in terms 
of crystalline phases. The microstructural features of as-sintered 
ceramics were examined using a FESEM (Mira3, Tescan), which was 
armed with an EDS. The thermodynamic study was accomplished by 
the HSC chemical package to evaluate the feasibility of possible 
reactions during the sintering. Vickers technique was employed to 
determine fracture toughness and hardness of HPed samples by 
exerting 49 N loads on the polished surfaces for 14 s. For each 
specimen, at least six indentations were carried out. To calculate the 
fracture toughness values, Eq. 1 was used based on metering the length 
of cracks formed after indentations.  

Table 2. The samples compositions. 

Sample SiC (vol%) hBN (wt%) 

ZSB0 30 0 

ZSB1 30 1 

ZSB3 30 3 

ZSB5 30 5 

Starting powders Particle size Purity (%) 

ZrB2 < 2 µm 99.0 

SiC < 5 µm 98.0 

hBN < 2 µm 99.0 
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where E, H, F, and C were elastic moduli, Vickers hardness, applied 
force, and half of the crack length, respectively. 

 Results and discussion 3.

One peak related to the cubic SiO2 was identified in the XRD pattern of 
starting SiC powders, not shown here, endorsing the presence of 
surface oxide on its particles. Although no impurity phase could be 
detected in the XRD pattern of ZrB2 powders, it does not mean the 
absence of such surface oxides. According to the literature, the surface 
of ZrB2 particles is naturally covered by the ZrO2 and B2O3 ingredients, 
which can be detrimental to the sintering behavior of ZrB2 [40, 41]. 
Such impurities not only prevent from forming powerful bonding 
amongst the adjacent particles, but they may result in grain growth 
during sintering [42–44]. So, if such surface oxides can be eradicated 
by introducing a suitable sintering aid, both sinterability and 
mechanical properties of the as-sintered samples will be improved 
noticeably [45, 46]. The possible role of each introduced ingredient on 
oxide removal during hot-pressing will be discussed in the relevant 
section.  
Fig. 1 plots relative density of the HPed specimens versus their hBN 
weight percentages. As is clear, the composite containing no hBN 
achieved a relative density of just below 97%; nevertheless, 
introducing 1 wt% hBN increased this number up to 99.9%, obtaining a 
near fully dense ceramic. By contrast, when more amount of such 
additive was added to the system, the relative density was diminished 
considerably. The lowest relative density was calculated for the sample 
incorporated by 5 wt% hBN, standing at 94.5%. There are several ways 
through which the relative density of SiC added ZrB2 composites may 
be affected via the addition of hBN, including surface oxide removal, 
grain refining, chemical reactions, facilitating particle rearrangement, 
extending the range of particle size, generating gaseous phases, and so 
forth. In the following, such possibilities will be put into discussion.  
The XRD pattern of the specimen containing 5 wt% hBN is exhibited 
in Fig. 2. Looking at this spectrum, just peaks of the main constituents, 
namely SiC, ZrB2, and hBN, were detectable, which were in the best 

agreement with the 00–034–0423, 00-029–1128, and 01–074–1978 
JCPDS standards carts, respectively. As a point, it can be seen that all 
these compounds could preserve their initial crystalline structures, 
indicating their stability over the sintering working temperature. 
Although 4 wt% phenolic resin (equivalent to 1.6 wt% pyrolyzed 
carbon) had been added to the system as a binder, no peak associated 
with graphite could be identified in the attributing XRD pattern. It may 
imply the full consumption of such a phase over the hot-pressing. This 
phenomenon could happen over the eradication of surface impurities. 
As noted earlier, ZrO2, B2O3, and SiO2 are the main surface oxides in 
the ZrB2–SiC–hBN system. B2O3 is an ingredient with a low melting 
point, which is in the liquid state at temperatures higher than almost 
450 °C (Eq. 2). This liquid oxide, together with ZrO2, may participate 
in a reaction with pyrolyzed carbon according to Eq. 3. The products of 
such equivalence are in-situ ZrB2, and the gaseous phase of CO, which 
can escape from the system owing to the applied vacuum. Fig. 3 
endorses the feasibility of this reaction at temperatures higher than 
around 1500 °C. Also, all the oxide ingredients may be reduced in a 
single reaction by the pyrolyzed carbon based on Eq. 4, converting to 
the in-situ ZrB2 and SiC compounds. Similar to the previous reaction, 
Eq. 3 can also proceed at sintering temperatures over ~1500 °C        
(Fig. 3). On the other hand, the oxide removal phenomenon may take 
place in the absence of carbon as a reductant agent. Based on Eq. 5, the 
SiC reinforcement can play the role of graphite in reducing ZrO2 and 
B2O3 ingredients. The products in this equation are in-situ ZrB2, 
together with two gaseous phases of SiO and CO. Fig. 3 endorses the 
favorability of this reaction under the current hot-pressing 
circumstances. The advancement of Eqs. 2–5 can improve the 
densification behavior of the ZrB2–SiC–hBN system in two different 
ways. One is associated with the role of the produced in-situ phases in 
removing residual pores. Another is preventing excessive grain growth, 
thanks to the surface oxide removal. 

2 3 2 3 )B (s)O   B O (l=        (2) 

2 2 3 2 )(l5C  ZrO  B O   ZrB  C (g) 5 O+ + = +      (3) 

2 2 3 2 28C  ZrO   B O   SiO  SiC ZrB   7CO(g)(l)+ + + = + +    (4) 

2 3 2 22.5SiC  B O  ZrO  ZrB  2.5SiO(g)  2.5CO(g)+ + = + +    (5) Fig. 1. The relative density changes by hBN content. 

Fig. 2. The XRD spectrum of the HPed sample containing 5 wt% hBN. 
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However, why hBN in low and high contents had different impacts on 
the densification behavior of ZrB2–SiC should be clarified. The hBN 
particles possessed a range of sizes in contrary to ZrB2 and SiC, which 
were roughly uniform. So, this characteristic could be helpful in filling 
the free spaces amongst the larger particles. On the other hand, hBN is 
a relatively soft phase, which is even used for lubrication purposes 
[47]. Accordingly, the presence of it in a system may facilitate particle 
rearrangement as a densification mechanism. Moreover, as a stable 
species in the present sintering system, it could significantly promote 
grain refining as another consolidation mechanism. Nevertheless, hBN 
has some deficiencies, too, which can be detrimental in higher 
amounts. Although the starting hBN is comprised of fine particles, the 
new hBN platelets were possibly formed through nucleation and 

growth mechanisms. Since the hBN platelets grow two-dimensionally 
and only a weak Van der Waals force bond them together, the 
possibility of gas entrapment between their sheets exists. This would be 
worse when a few bunches of hBN sheets grow in the vicinity of each 
other, generating a considerable amount of residual porosity. This issue 
can be the main reason for the lower relative density of samples with 
higher contents of hBN in comparison with that introduced by only      
1 wt% hBN. 
Figs. 4a-c illustrates the polished surfaces FESEM images of samples 
incorporated by 1–5 wt% hBN. Considering the EDS map results 
presented in Fig. 5, it is obvious that the microstructures of all these 
three composites are mainly consisted of the SiC reinforcement (dark-
colored phase) and the ZrB2 matrix (bright-colored phase). Due to the 
two-dimensional growth of new hBN platelets, detecting them on the 
polished surfaces of specimens is somehow difficult. However, they 
can be easily observed in the samples fractographs in Figs. 4d-f. 
Looking at Fig. 4d, the beneficial role of low content hBN is apparent. 
The HPed sample is quite dense and any porosity can be seen in neither 
grain boundaries nor triple pockets. In this ceramic, some single 
bunches of hBN platelets can be observed that are mainly surrounded 
by the ZrB2 matrix or the SiC reinforcement. Thanks to the low content 
of hBN, this additive could be dispersed all over the microstructure, 
contributing to filling the residual porosity. However, the issue was 
different in higher weight percentages of hBN, as can be ascertained in 
Figs. 4e, f. The growth of various bunches of hBN sheets with different 
orientations in some specific zones led to gas entrapment in such 
places, and consequently the promotion of remaining porosity. This 
microstructural observation is in a great harmony with the values 
achieved for the relative density. Regarding fracture modes, both inter- 
and intragranular fracture types can be observed in the fracture surfaces 
of all three composites (Figs. 4e, f). Such mixed fracture mode can be 
beneficial in strengthening such composite specimens. 

Fig. 3. The temperature dependency of ΔGº for Eqs. 3–5. 

Fig. 4. The backscattered FESEM micrographs from both polished and fracture surfaces of the a, d) ZSB1, b, e) ZSB3, and c, f) ZSB5 ceramics. 
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Fig. 6 indicates the hBN content dependency of mechanical properties 
of the HPed samples. The hBN-free composite secured a Vickers 
hardness of 19.2 GPa; however, the incorporation of 1 wt% hBN could 
improve the hardness of the ZrB2–SiC system by almost 23%, standing 
at 23.8 GPa. Similar to the relative density trend, introducing more 
hBN additive resulted in lower Vickers hardness values. The lowest 
hardness of almost 18 GPa was related to the composite with the 
highest hBN content, namely 5 wt%. Considering all the possible 
causes, it seems that the residual porosity was the most predominant 
factor in determining the hardness values of specimens. It is true that 
hBN is a soft phase; nevertheless, it could improve the relative density 
by ~3% in the ZSB1 ceramic. Furthermore, such an additive could 
possibly contribute to grain refining, which can significantly affect the 
hardness of a ceramic-based material. Regarding the samples 
containing more hBN content, apart from the controlling role of 

relative density, the impact of the existence of a soft phase (hBN) in the 
microstructure should not be overlooked.  
Fig. 6 also plots the fracture toughness values of the HPed materials 
based on their hBN contents. As can be seen, the trend of this 
characteristic is in harmony with those for relative density and Vickers 
hardness. According to this graph, the lowest (4.3 MPa.m1/2) and 
highest (5.7 MPa.m1/2) values of fracture toughness were related to the 

Fig. 5. The polished surfaces FESEM micrograph of the ZSB1 ceramic, together with the corresponding EDS maps. 

Fig. 6. The Vickers hardness and fracture toughness of HPed ceramics. 
Fig. 7. The indentation crack paths on the polished surface of the ZSB5 

composite. 
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samples with 5 and 1 wt% hBN, respectively. Although the addition of 
more content of a secondary phase like hBN may improve fracture 
toughness via different mechanisms, such as crack branching, crack 
arresting, crack bridging, crack deflection, etc., it seems that the 
residual porosity was the controlling factor in this feature, too. The 
various toughening mechanisms activated in the ZSB5 sample is 
illustrated in Fig. 7. Apart from the mentioned mechanisms above, it is 
clear that breaking large SiC grains was also played as a toughening 
mechanism, too. 

 Conclusions 4.

The impacts of different amounts of hBN (0, 1, 3, and 5 wt%) on the 
mechanical properties, densification behavior, and microstructural 
development of ZrB2–30 vol% SiC material were studied in this 
investigation. All samples were sintered at the same sintering 
conditions of 10 MPa, 1900 °C, and 120 min using the hot-pressing 
technique. Although the incorporation of 1 wt% hBN promoted the 
relative density, attaining a near fully dense composite, the addition of 
more hBN amounts diminished the relative density considerably. The 
role of hBN in grain refining, facilitating particle rearrangement, and 
extending the range of particle sizes of prepared admixture was 
suggested as the possible causes that resulted in enhancing the 
consolidation behavior at low hBN content. However, when more hBN 
weight percentages were added to the system, various bunches of hBN 
platelets with different orientations grew in the vicinity of each other, 
leading to gas entrapment in such areas, and as a result, a decrease in 
the relative density value. The best Vickers hardness of 23.8 GPa and 
fracture toughness of 5.7 MPa.m1/2 were achieved for the specimen 
containing 1 wt% hBN. Finally, crack deflection, crack arresting, crack 
bridging, crack branching, and breaking large SiC grains were 
introduced as the main toughening mechanisms in the ZrB2–SiC–hBN 
composites.  
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