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Abstract 

ZrB2-based ceramics, reinforced with 25 vol% SiC whiskers (SiCw) as well as 0, 2.5, 5 and 

7.5 wt% carbon nanoparticles (Cnp), were prepared by spark plasma sintering (SPS) at 1900 

ºC under 40 MPa for 7 min in a vacuum environment. The influences of Cnp content on 

densification behavior, microstructure evolution, hardness and fracture toughness of ZrB2–

SiCw ceramics were investigated. Compared to the carbon-free sample, the grain growth of 

ZrB2 matrix was moderately decreased (~20%) after the addition of Cnp. The in-situ 

formation of B4C and ZrC phases was attributed to the elimination of surface oxide 

impurities through their chemical reactions with the Cnp additive. All composite samples 

approached their theoretical densities. A hardness of 21.9 GPa was obtained for ZrB2–SiCw 

sample, but the hardness values linearly decreased by the addition of soft carbon additives 

and reached 14.6 GPa for the composite doped with 7.5 wt% Cnp. The fracture toughness 

showed another trend and increased from 4.7 MPa m
½
 for the carbon-free sample to 7.1 

MPa m
½

 for 5 wt% Cnp-reinforced composite. The formation of new carbides and the 

presence of unreacted Cnp resulted in toughness improvement. Various toughening 

mechanisms such as crack branching, bridging, and deflection were detected and discussed.  
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1. Introduction 

Owing to its interesting physico-thermo-mechanical properties such as low density, high 

melting point, chemical inertness, high hardness and excellent electrical and thermal 

conductivity, ZrB2 has increasingly attracted researchers’ attention [1]–[5]. The 

densification of monolithic ZrB2 ceramics requires ultrahigh sintering temperatures (>2000 

ºC) and externally applied pressures. Many different kinds of additives such as carbides 

[6]–[12], disilicides [13], [14], nitrides [15]–[18], metals [19], [20] and carbonaceous 

materials [21]–[29] are used to enhance the sinterability and densification capability of 

diboride-based composites. The addition of SiC, as the most interesting reinforcement in 

ZrB2-based composites, not only enhances the sintering properties but also improves the 

flexural strength of composite material due to the prevention of growth of ZrB2 grains 

during the sintering process [30]–[35].  

However, the inadequate fracture toughness of ZrB2–SiC composites impedes their 

widespread application in severe conditions. Earlier publications have proved that 

employing secondary phases with high aspect ratio morphologies such as flake, fiber, and 

whisker provides a favorable strategy to increase the mechanical properties of brittle 

ceramic matrix composites [36]–[45]. The addition of SiC whisker resulted in a remarkable 

increase in fracture toughness and flexural strength of ZrB2 [41], [46]–[48]. SiC whisker 

can be pulled out or fractured during the crack propagation or activate several toughening 

mechanisms like crack bridging or deflection which leads to the fracture toughness 

enhancement [40], [49]–[52].  

Anyway, SiC whisker may be degraded to SiC particulate at elevated sintering 

temperatures which is harmful to its strengthening effects [46], [53]. In such cases, the 

addition of the third phase seems to be necessary for the further improvement of fracture 

toughness. For example, the fracture toughness and flexural strength of ZrB2-based 

ceramics were improved due to the synergistic addition of SiC whiskers and graphene 

nano-sheets [54]. In addition, the fracture toughness and thermal shock resistance of ZrB2-

based ceramics were remarkably improved by the simultaneous addition of SiC whiskers 

and graphite flakes whereas the flexural strength was slightly decreased [55]. Enhancement 



of fracture toughness in carbon-doped ZrB2–SiC ceramics was attributed to the presence of 

weak carbon interfaces at the grain boundaries after sintering process [56]. 

In this research work, the spark plasma sintering is employed to fabricate ZrB2–25 vol% 

SiCw composites using the different amounts of carbon nanoparticles (0, 2.5, 5 and 7.5 

wt%) as extra dopant/reinforcement. The influences of Cnp content on microstructural 

development as well as mechanical properties of ZrB2–SiCw ceramics are studied. To the 

best of our knowledge, this is the first attempt to employ SiCw and Cnp, simultaneously; to 

enhance the properties of spark plasma sintered ZrB2-based ceramics. 

2. Experimental procedure 

2.1. Materials and process 

Commercially available ZrB2 powders, SiC whiskers (SiCw) and plant-based carbon 

nanoparticles (Cnp) were used as starting materials. Table 1 displays the technical 

characteristics of as-purchased materials. The powders were weighted, on account with the 

predetermined compositions itemized in Table 2, and dispersed separately in ethanol for 

30-min ultrasonication. Succeeding that, the slurries of powder mixtures were ultrasonically 

mixed for an extra 30 min and dried on a hot plate stirrer. The prepared powders were 

milled in the agate mortar and then crossed through a 100-mesh sieve. After loading the 

mixtures into a graphite die (with inner 30-mm diameter), the spark plasma sintering was 

performed at a temperature of 1900 °C under a pressure of 40 MPa for a dwell time of 7 

min.  

Table 1. Technical characteristics of raw materials. 

Particle size Purity  )%(  Supplier Materials 

D < 2 μm 99.9 Xuzhou Hongwu (China) ZrB2 

D < 1 μm, L < 20 μm 99.0 Xuzhou Hongwu (China) SiCw 

10 nm < D < 30 nm 99.0 US Research Nanomaterials (USA) C 

 

Table 2. Nomination and design of compositions of ZrB2–SiCw–C ceramics. 

Code Composition  



ZSC0 ZrB2–25 vol% SiCw 

ZSC1 ZrB2–25 vol% SiCw–2.5 wt% C 

ZSC2 ZrB2–25 vol% SiCw–5 wt% C 

ZSC3 ZrB2–25 vol% SiCw–7.5 wt% C 

 

2.2. Characterization 

The Archimedes principles were employed to estimate the bulk density of the sintered 

ceramics. The rule of mixtures was used to evaluate the theoretical density of composites 

assuming the true densities of 6.1, 3.2 and 0.5 g/cm
3
 for the ZrB2, SiCw and Cnp, 

respectively, based on the suppliers’ datasheets. The ratio between the bulk and theoretical 

densities revealed the relative density value. The XRD test (PW1730, Philips) was used for 

phase analysis. The microstructural and elemental characterizations were carried out by 

FESEM (Mira3, Tescan) and EDS (DXP-X10P) analyses, respectively. The mean grain size 

of ZrB2 matrix was calculated using an image analyzer (ImageJ software) through 

measuring the diameter of at least 120 grains. Thermodynamical assessments were 

conducted employing the HSC Chemistry package. Vickers indentation methodology was 

used to determine the hardness and fracture toughness by applying a load of 5 Kg for 15 s. 

A formula (Eq. 1) introduced by Anstis et al. [57] was employed for evaluation of 

indentation fracture toughness via the direct crack measurement technique.  

𝐾1𝐶 = 0.016 (
𝐸

𝐻
)
1
2⁄
(

𝐿

𝐶
3
2⁄
)  (1) 

where E, H, L, and C are the elastic modulus (calculated by the rule of mixtures), hardness 

(HV), load of Vickers indentation and half-length of the radial cracks (measured by an 

optical microscope), respectively.  

3. Results and discussion 

The characteristics of as-received ZrB2 powders, the particle size of <2 μm and hexagonal 

crystalline structure, were reported in our previously published papers [20], [58], [59]. The 

size and morphology of SiC whiskers are presented in the FESEM image of Fig. 1 which 



verifies the dominantly needle-like shapes for the raw SiC material. The TEM nanograph of 

Fig. 2 (provided by the supplier) shows the carbon nanoparticles with nano-sized diameters 

(<60 nm). The XRD analysis (not shown here) disclosed the hexagonal carbon as the 

dominant crystalline phase in the as-received Cnp material. 

Fig. 1. FESEM image of the morphology of as-purchased SiC whiskers. 

Fig. 2. TEM image of the size and morphology of as-received carbon nanoparticles. 

The relative density of as-sintered ZrB2–SiCw ceramics as a function of Cnp content is 

shown in Fig. 3. A near fully dense ZrB2–SiCw composite (ZSC0 sample) with a relative 

density of 99.9% was obtained by SPS at 1900 ºC for 7 min under 40 MPa without the 

addition of Cnp as a dopant. By the addition of Cnp (up to 5 wt%), slight enhancement in the 

relative density happened as the values of 100.1% and 100.2% were achieved for ZSC1 and 

ZSC2 samples, respectively. The extraordinary measurements of higher than 100% for the 

relative density of carbon-doped composites can be attributed to the in-situ formation of 

some heavier phases during the sintering.  It should be noted that the density values of such 

in-situ formed phases are not inserted in the relative density estimations using the rule of 

mixtures. It seems that the addition of extra Cnp (7.5 wt%) has a negative effect on the 

densification progress of ZSC3 sample since a relative density of 99.8% was measured for 

this composite. 

 
Fig. 3. Relative density of ZrB2–SiCw ceramics as a function of nano-carbon content. 

 

Fig. 4 shows the XRD results of the as-sintered ZSC3 sample which contains the highest 

amount of Cnp. The main starting materials of ZrB2 (as the matrix) and SiC (as the 

reinforcement) are detected as the dominant phases in this pattern. As an expected 

characteristic for the silicon carbide whiskers, the crystalline structure of the SiC phase is 

“cubic”, based on the XRD analysis. Two peaks of graphite are also detected; hence, it 

seems that the remained carbon nanoparticles with a hexagonal structure have 

morphologically transformed to the graphite with same crystalline lattice, maybe due to the 

externally applied pressure during the sintering process. The nano-scale graphitized Cnp 

with flaky morphology is presented in Fig. 5, the FESEM nanograph of the fracture surface 



of ZSC2 composite. Moreover, the in-situ formation of new carbides (B4C and ZrC) to a 

small amount is also confirmed by the XRD analysis. 

Fig. 4. XRD pattern of the sintered ZSC3 sample. 

Fig. 5. FESEM nanograph of carbon (graphite) nano-flakes in the fracture surface of ZSC3 sample. 

 

The FESEM images of the polished surfaces of as-sintered ZrB2–SiCw ceramics, with 

various Cnp additions, are displayed in Fig. 6. Fig. 6a shows a homogenous distribution of 

SiC grains in the ZrB2 matrix. This micrograph verifies a complete densification and fully-

progressed sintering in the ZSC0 sample as the ZrB2 and SiC particles have well connected 

together. No obvious porosity is seen in Fig. 6a and the relative density of 99.9% for this 

ceramic is in harmony with such microstructural observation. Although most of the SiC 

whiskers have lost their morphological features during the SPS process, some of them are 

remained in the final microstructure (marked by arrows in Fig. 6a). The presence of in-situ 

formed phases is clearly seen in the FESEM micrographs of Cnp-doped ZrB2–SiCw 

composites (Fig. 6b-d). For example, a graphitized carbon/in-situ formed new carbides area 

is marked by an arrow in the microstructure of ZSC1 ceramic presented in Fig. 6b. In 

addition, some negligible pores are detected in the FESEM micrograph of ZSC3 ceramic 

(Fig. 6d) may be due to its relative density value of 99.8%. It appears that the extra addition 

of Cnp (e.g. 7.5 wt%) in the ZrB2–SiCw ceramics resulted in the agglomeration of carbon-

induced graphite nano-flakes which have not fully sintered to be able to remove the pores 

completely.  

 

Fig. 6. FESEM images (backscattered electron mode) of the polished surfaces of carbon-doped ZrB2–SiCw 

ceramics: (a) ZSC0, (b) ZSC1, (c) ZSC2 and (d) ZSC3.  

 

The average grain size of ZrB2 matrix in the sintered samples, as a function of Cnp content, 

is reported in Fig. 7. In comparison with the starting particle of 2-µm for ZrB2, no fanatic 

grain growth was happened during the SPS process, even in the carbon-free ZSC0 sample 

with a mean ZrB2 grain size of 5.2 µm. The introduction of Cnp, regardless of its content, 

led to a better grain growth inhibition in ZSC1, ZSC2, and ZSC3 composites. The finest 

microstructure belongs to the ZSC2 sample with an average ZrB2 grain size of 4.1 µm. 



Besides the short dwelling time of 7-min for the SPS process, the beneficial effects of SiCw 

and Cnp additives on fabricating a fine-grained microstructure are revealed by such 

observations.  

 

Fig. 7. Average ZrB2 grain size in the as-sintered ZrB2–SiCw ceramics as a function of nano-carbon content. 

 

The Gibbs free energy variations of the chemical reactions of SiCw and Cnp additives with 

the oxide layers in the ZrB2–SiCw–Cnp system, leading to the conversion of harmful oxides 

to the useful ZrB2 and SiC ultrafine grains, are presented in Fig. 8. The SiC is ordinarily a 

non-reactive secondary phase in ZrB2-based systems; however, a chemical reaction 

between the SiCw and the surface oxide layers of ZrO2 and B2O3 (Eq. 2)  is 

thermodynamically favorable at >1760 °C (Fig. 8). Hence, the ultrafine ZrB2 particles with 

higher sinterability can be formed. The gaseous byproducts of SiO and CO can be removed 

during the SPS process due to the applied pressure on the die and vacuum condition of the 

sintering furnace.  

5SiCw + 2ZrO2 + 2B2O3 = 2ZrB2 + 5SiO (g) + 5CO (g)  (2) 

Similar to the reductive role of SiCw (Eq. 2), the Cnp can also eliminate the surface oxide 

impurities of ZrB2 powders in accord with the reaction of Eq. 3. Thermodynamically, the 

Cnp is more effective reductant than the SiCw, because Eq. 3 occurs at a remarkably lower 

temperature (>1515 ºC) than that required for Eq. 2. 

5Cnp + ZrO2 + B2O3 = ZrB2 + 5CO (g)  (3) 

The Cnp not only can remove the oxide layers of ZrB2 particles, but also the surface 

impurities of SiCw (particularly SiO2) based on the chemical reaction of Eq. 4. This 

equation is also favorable at >1515 ºC. 

3Cnp + SiO2 = SiC + 2CO (g)  (4) 

 

Fig. 8. Gibbs free energy of elimination reactions of oxide layers leading to the formation of ultrafine ZrB2 

and SiC (extracted by HSC Chemistry package). 

 



Fig. 9 shows the variations of Gibbs free energy for the reductive reactions of Cnp with 

ZrO2 and B2O3 impurities leading to the in-situ formation of B4C and ZrC. Based on the 

thermodynamics, the chemical reactions of Eq. 5 (the formation of ZrC) and Eq. 6 (the 

formation of B4C) are favorable at the temperatures higher than 1670 ºC and 1570 ºC, 

respectively. The formation of B4C and ZrC compounds in the spark plasma sintered Cnp-

doped ZrB2–SiCw composites is previously proved by the XRD analyses (Fig. 4). 

 

3Cnp + ZrO2 = ZrC + 2CO (g)  (5) 

7Cnp + 2B2O3 = B4C + 6CO (g) (6) 

 

Fig. 9. Gibbs free energy of elimination reactions of oxide layers leading to the in-situ formation of ZrC and 

B4C (extracted by HSC Chemistry package). 

 

Fig. 10 presents the hardness of as-sintered ZrB2–SiCw ceramics as a function of Cnp 

content. A value of 21.9 GPa was measured for the ZSC0 sample as the highest hardness 

value in the current work. As a comparison, a hardness of 19.5 GPa was reported by our 

research group [60] for the SiC particulate reinforced ZrB2-based ceramic with similar 

processing conditions, composition, and relative density. Therefore, it seems that the SiC 

whiskers can resist in a superior way than the SiC particulates against the plastic 

deformation during the hardness measurement test. However, as it can be obviously 

observed in Fig. 10, the hardness of the samples drops with increasing the Cnp content. The 

ZSC3 sample with a hardness of 14.6 GPa is the softest sample in this research work. The 

presence of unreacted Cnp in the sintered microstructures, even in the form of graphite 

which is intrinsically softer than ZrB2 and SiCw, led to the sharp decrease in the hardness 

values of the Cnp-doped composites. 

 

Fig. 10. Hardness (HV5) of ZrB2–SiCw ceramics as a function of nano-carbon content. 

 



Fig. 11 presents the fracture toughness of ZrB2–SiCw samples as a function of Cnp content. 

A fracture toughness of 4.7 MPa m
½
 is estimated for the ZSC0 sample which is ~10% 

higher than the value reported for a similar composite reinforced with the SiC particulates 

(4.3 MPa m
½
) [60]. The fracture toughness improves to 7.1 MPa m

½
 with increasing the Cnp 

content up to 5 wt%. Such a significant increase in the fracture toughness of ZSC2 sample 

is related to the synergistic toughening effects of SiC whiskers and carbon nanoparticles. 

Having the finest microstructure, the presence of SiCw and graphite as reinforcement 

phases in the sintered microstructure and the in-situ formation of B4C and ZrC compounds 

during the SPS process are the main boosters of fracture toughness of ZSC2 sample. 

However, the addition of 7.5 wt% Cnp does not have a meaningful enhancement in the 

fracture toughness value since a fracture toughness of 7.2 MPa m
½
 is measured for the 

ZSC3 sample. 

 
Fig. 11. Indentation fracture toughness of ZrB2–SiCw ceramics as a function of nano-carbon content. 

 

Fig. 12 shows the FESEM images of crack paths induced by Vickers indenter in the 

polished surfaces of ZSC1 sample. Several crack deflections, as an important toughening 

mechanism in ceramic matrix composites, are seen in Fig. 12a. Such deflections generally 

occur due to the interaction of propagating cracks with the secondary phases in the 

composites, namely, the SiCw, graphitized Cnp, ZrC or B4C in this study. More crack 

deflections with greater deviation angles result in improved fracture toughness because 

further energy is absorbed during the propagation of the indentation-induced crack. Crack 

branching, another toughening mechanism, is also seen in Fig. 12a, as a result of the 

interaction of the main crack with the secondary phases, especially with the softer ones 

such as Cnp/graphite. Fig. 12b presents the activation of another consequential toughening 

mechanism, crack bridging, due to the presence of various reinforcements in the final 

sintered microstructure. Beside the mentioned toughening mechanisms, break of a large 

SiC grain is seen in Fig. 12c which leads to the diminution of the propagating energy of the 

main crack.  

 



Fig. 12. FESEM micrographs of several indentation-induced crack paths in the polished surface of ZSC1 

composite. 

 

The high-magnification FESEM image of a crack path in the polished surface of ZSC2 

sample is shown in Fig. 13a. The related EDS maps, showing the elemental distribution in 

different phases of this composite, are also presented in Fig. 13b-f. The activation of 

various toughening mechanisms such as crack bridging and deflection is clearly seen in the 

FESEM image (Fig. 13a). The improved fracture toughness value of ZSC2 ceramic may be 

related to the presence/in-situ formation of ultrafine reinforcements of SiCw and graphitized 

Cnp, with high aspect ratios, in its final microstructure. The interactions between the 

indentation-induced propagating cracks and the composite microstructure are generally 

controlled by the intensity of residual stresses. The mismatch between the thermal and 

mechanical properties (for example, the coefficients of thermal expansions and elastic 

moduli) of the matrix and the secondary phases lead to the formation of such residual 

stresses.  

 

Fig. 13. (a) High-magnification FESEM image (Secondary electron mode) of an indentation-induced crack 

path in the polished surface of ZSC2 composite and (b-f) corresponding EDS elemental maps.  

 

4. Conclusions 

SiC whisker (25 vol%) reinforced ZrB2-based composites, doped with 0, 2.5, 5 and 7.5 

wt% carbon nanoparticles, were manufactured by spark plasma sintering route at the 

temperature of 1900 ºC. All ceramic samples reached >99.8% of their theoretical densities 

but the introduction of carbon additive, regardless of its content, resulted in grain growth 

inhibition. The harmful oxide impurities were eliminated via reacting with the carbon and 

converted to useful ZrC and B4C compounds. With increasing the nano-carbon content in 

ZrB2–SiCw composites, the fracture toughness remarkably increased but the hardness 

critically deceased. The presence of unreacted carbon nanoparticles and the in-situ 

formation of interfacial carbides led to the actuation of several toughening mechanisms like 

crack deflection, branching and bridging in ZrB2–SiCw ceramics. 
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