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ZrB2-TiC composites with and without nano-sized carbon black as the sintering additive were 
densified through spark plasma sintering at 1900 °C for 7 minutes under the applied pressure of 
40 MPa. The role of carbon black in densification behavior, phase arrangement, microstructural 
characteristics and mechanical properties of the sintered composites were then investigated. 
While both of the composite samples were found to be fully sintered, the thermodynamic of the 
reactive sintering was also studied. The results indicated that whereas the reactive sintering 
process leads to the complete consumption of TiC through the formation of the solid solution 
as the matrix in both of the composite samples, the presence of carbon black at the initial 
composition of the samples can result in remained carbon at the final microstructure. Besides 
the in-situ synthesized zirconium carbide as the major reinforcement phase, such a remained 
carbon can lead to significantly different mechanical behavior of the composites. Accordingly, 
the hardness of 21.8 and 24.3 GPa and the indentation fracture toughness of 3.3 and                
4.5 MPa.m0.5 were obtained for carbon-black free and doped samples, respectively. The 
densification, hardening, and toughening mechanisms in both of the composite samples were 
finally discussed. 
© 2022 The Authors. Published by Synsint Research Group. 
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 Introduction 1.

Among the ultra-high temperature ceramics, zirconium diboride has 
been at the center of attention mainly due to its high hardness and 
melting point accompanied by relatively low density. The material also 
presents favorable thermal shock resistance as well as chemical 
inertness compared to most of the refractory and hard materials [1, 2]. 
Hence, extended research works have been dedicated to the 
applications of ZrB2 as a structural material for extreme environments 
[3–5], such as the thermal-resistance systems of hypersonic vehicles 
and the leading edges of satellites and missiles. The material has also 
presented  promising capabilities to be used  in furnace refractories, the 
 

 
coatings of plasma welding electrodes, and recently, machining and 
cutting tools [5–10]. 
Besides its unique combination of properties, zirconium diboride 
encounters two main technical drawbacks. First, the very strong 
covalent atomic bonds which decrease the atomic diffusion rate and 
result in poor sintering and densification behavior, and consequently 
limit the industrial manufacturing of ZrB2-based components to the 
expensive high-temperature and pressurized sintering techniques. 
Secondly, even at very high sintering temperatures and pressures (e.g., 
hot-pressing and/or hot-isostatic pressing), the material experiences 
higher grain boundary diffusion rate compared to the favorable bulk 
atomic diffusion rate. Therefore, the final microstructure of the sintered 
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ceramic would encounter an excessive grain growth which itself results 
in poor toughening behavior. In addition to the strong covalent atomic 
bonds, ZrO2 and B2O3 oxide impurities at the surface of ZrB2 powder 
particles have been revealed as the main cause of the aforementioned 
drawbacks [11, 12].  
As a whole, the efforts to overcome the drawbacks of ZrB2 can be 
categorized into two main approaches, including the fast sintering 
methods and using the secondary phases (composite making) and 
sintering additives, to reduce grain coarsening. Despite the fact that the 
former approaches, including microwave (MWS) and spark plasma 
sintering (SPS), are limited by the size and the geometry of final 
components, the later strategies are extensively followed by researchers 
and engineers as they can be used for components with different shapes 
and dimensions [13].  
The secondary phases used in the sintering of ZrB2 can themselves be 
regarded as two leading classes, consisting of reinforcements 
(strengthening the matrix) and sintering aids (enhancing the 
sinterability) [14]. Even though reinforcements are principally selected 
based on their mechanical and physical properties, as well as their 
reactivity with the matrix materials, most of sintering aids are used to 
remove oxide impurities and activate sintering mechanisms at 
interfaces.  
Carbon compounds have been widely used as both the reinforcements 
and additives of ZrB2-based composites [13]. Incidentally, carbides 
have shown great outcomes as the reinforcement and have resulted in 
improved mechanical properties and oxidation resistance, while many 
of the carbonaceous materials such as graphite, graphene, and carbon 
black are known as effective sintering aids owing to their reactivity 
with the surface oxide impurities of ZrB2 particles [13–16]. 
Among carbides, silicon carbide (SiC) has been extensively applied to 
reinforce zirconium diboride ceramics. Admittedly, titanium carbide 
(TiC) is also known as an effective reinforcement, which not only 
inhibits the destructive grain coarsening and consequent fracture 
toughness drop of ZrB2 during sintering, but also improves the 
densification behavior and oxidation resistance of material through the 
formation of ZrB2-TiB2 solid solution [14–16]. Titanium carbide, itself, 
is known as super hard, chemically stable, wear-resistant, and low 
coefficient thermal expansion (CTE) UHTC. Such a combination of 
properties provides the material potentially promising applications in 
cutting tools, jet engine components, and rocket nozzles [13, 15–18]. 
Hence, ZrB2-TiC composite has been extensively attended recently and 
several research works are currently focused on developing this class of 
UHTC composites. However, the common shortcomings of UHTCs 
such as poor sintering and densification behaviors are still remained 
challenging.  
Among several sintering methods which have been followed to 
manufacture relatively dense and tough UHTCs [19, 20], spark plasma 
sintering (SPS) provides improved outcomes, particularly at lower 
sintering temperatures and very short dwelling times [21, 22]. The 
process uses high voltage direct electrical current to form electrical 
discharge (spark) between the adjacent particles of the densifying 
powders and hence, improve the kinetic of the sintering process. The 
consequent high temperature plasma then activates the 
evaporation/densification mechanism which not only removes the 
surface impurities, but also provides a very fast heating rate of 
particles. SPS has been successfully utilized in the densification of lots 
of hard-to-sinter ceramic materials [23–26]. On the word of UHTCs, 
sintering aids have also been found as supporting materials by which, 

the sinterability, microstructure, and mechanical properties of the 
SPSed materials are improved [27, 28]. For the purpose of illustration, 
the fracture toughness of ZrB2-based ceramics can be improved 
through activating some of the fracture toughness mechanisms such as 
crack deflection, crack branching, and crack bridging [29–33]. The 
sinterability and fracture toughness of ZrB2-based ceramics are 
heightened by adding carbon nanotubes (CNTs), according to the 
recent reports [34, 35]. It is worthy to note that the aforementioned 
mechanisms also play an effective role in hardening the ZrB2-SiC 
composites reinforced by short carbon fibers [36, 37]. In contrast, the 
fracture toughness and densification behavior of a sample are lessened 
by unconditionally increasing carbon fibers in the ZrB2-SiC composites 
manufactured by the pressure-less sintering method [38]. 
While the weak interfaces and the presence of micro-cracks in ceramic 
matrixes may lead to crack deflection, bridging, and propagation as 
well as the stress adsorption at the micro-cracks (as effective 
toughening mechanisms), dramatically decreased hardness and strength 
would be observed as the side effects. Hence, using the additives which 
provide the mentioned toughening mechanisms without any destructive 
effects on the other mechanical properties is of a particular interest of 
researchers. Carbon black (CB) is known as an effective additive, 
generally improves the electrical conductivity of the composite 
materials [39]. The Nano-sized and non-crystalline CB have also been 
applied in the form of porous and/or compacted masses to enhance the 
overall mechanochemical properties of the structural ceramics [39–42]. 
CB has also shown promising outcomes in improving the thermal 
shock resistance of UHTCs [42]. It has been reported that the addition 
of 5 wt% carbon black increases the density of the sintered samples 
from 90% to 96%, and leads to a considerable reduction in the grain 
coarsening (from 5–30 µm to 1–8 µm) as well as the elimination of the 
oxide layers [14]. The improved densification behavior of the CB-
doped ZrB2-based composites has been observed to be 87% to 94% 
using 0 to 4 wt% CB, respectively. However, higher fractions            
(10 wt%) of CB have been reported to negatively affect the density of 
the samples [15]. 
However, whereas many inspiring works have been carried out on CB-
doped ZrB2-SiC composites, the role of CB on densification and 
mechanical behavior of ZrB2-TiC composites has strangely discarded, 
except some published studies on self-propagating high-temperature 
synthesis (SHS) and hot pressing (HP) of the mentioned composite 
system. Therefore, this research is dedicated to investigating the role of 
CB on the densification behavior and mechanical properties of ZrB2-
TiC composites produced by the spark plasma sintering. 

 Experimental 2.

2.1. Materials and methods 

ZrB2, TiC, and carbon black powders were used as the raw materials. 
The specification of the raw materials is presented in Table 1. 
The raw powders were initially weighed to achieve the          
predesigned mixtures, according to Table 2. The powders                 
were then separately dispersed in ethanol and consequently 
ultrasonicated (Daihan WUC-D10H, China) for 60 minutes.               
The mixing process was performed in the mentioned ultrasonic          
bath for 30 min and the obtained homogenous mixtures                    
were stirred and dehydrated using a magnetic heater/stirrer               
(MR  3001K,   Heidolph,   Germany).  The   final   drying  process  was  
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Table 1. The specifications of the raw materials. 

then carried out in an oven dryer (German Memmert Universal Oven) 
for 12 hours.  
The obtained dry powder mixtures were crushed in a mortar and then 
passed through a 100-mesh sieve to avoid any agglomeration. In due 
course, the resultant powder mixtures were loaded into a graphite die 
(30 mm in diameter) covered by a 100 µm-thick graphite foil. Fig. 1 
which shows the scanning electron microscopy (SEM) images of the 
powder mixtures of the samples confirms the particle size and 
homogenous distribution of the raw powders. It should be noted that 
the carbon black particles cannot be individually distinguished to their 
small (nano) size and the magnification of the SEM images.  
The powder-contained die was then loaded into a spark plasma 
sintering furnace (Nanozint 10i, Khala Pooshan Felez Co., Iran). The 
SPS process parameters were set at the sintering temperature of       
1900 °C, applied pressure of 40 MPa, and the dwelling time of 7 min. 

2.2. Characterization 

The disk-shaped obtained samples were de-graphitized via a diamond 
grinding wheel and polished to the 3000 mesh via SiC sand papers. The 
bulk (BD) and theoretical density (TD) of the SPSed samples were 
measured according to the Archimedes’ principles and the rule of 
mixtures, respectively. Distilled water was used as the immersion 
media and the theoretical densities of ZrB2, TiC, and carbon black were 
considered 6.1, 4.9, and 1.86 g/cm3, respectively, for density 
calculations [43]. The relative density (RD) of the SPSed samples was 
finally calculated based on the obtained BD and TD. 
The Mechanical properties of the SPSed samples (hardness and fracture 
toughness) were measured using a Vickers hardness apparatus 
(KM2/01-92123, Koopa Pazhoohesh, Iran). The diameters of at least 
three successful indents at the load of 49 N on the polished surface of 
the samples were measured to calculate the average Vickers hardness 
of the obtained  sintered composites. The lengths of the radial cracks of  

Table 2. The labeling system of the samples based on the fraction of 
the raw materials. 

Code Fraction of the raw materials 

ZT 80 vol% ZrB2 and 20 vol% TiC 

ZTCB 80 vol% ZrB2, 20 vol% TiC, and 1 wt% (~3 vol%) carbon black 

 
the indents’ projected area were also measured using an optical 
microscopy (Olympus X50, Japan), to calculate the indentation fracture 
toughness (IFT) of the samples, according to the Anstis’ formula [44]: 

1.2

IC 3.2
V

E PK (0.016 0.004)
H C
   = ±      

     (1) 

where, E shows the elastic modulus of the porous body (in GPa), P 
shows the applied load on the indenter (in N), C is the average length 
of the radial cracks (in µm), and the indentation fracture toughness 
(KIC) is calculated in MPa.m0.5. The elastic modulus of the material (E) 
was also calculated using the Nielsen formula [45].  
The microstructural and fractographical investigations of the SPSed 
samples were carried out using a field-emission scanning electron 
microscopy (FESEM, Mira3 Tescan, Czech Republic) equipped with 
an energy dispersive spectroscopy detector (EDS, DXP-X10P). The 
phase analysis of the samples was also performed by an X-ray 
diffraction spectrometer (XRD, Philips PW1730). 

 Results and discussion 3.

3.1. Densification behavior and microstructural investigations 

According to the density calculations, both of the samples have been 
fully densified (RD of 99.93% for ZT and 100% for ZTCB samples, 
respectively). Hence, it seems that the sintering process has been 
favorably progressed. The phase analysis of the samples, however, can 
provide better understanding of the sintering behavior and mechanisms. 
The XRD patterns of the sintered samples as well as the initial ZrB2 
and TiC powders are presented in Fig. 2. 
As seen in the XRD patterns of Fig. 2, both of the sintered samples 
have developed a microstructure majorly including the (Zr,Ti)B2 phase 
or in the other word, a solid solution of TiB2 in ZrB2. However, the 
larger volume fraction of the carbon sources (CB and TiC) in the 
ZTCB sample has resulted in the higher fraction of synthesized ZrC, 
according to the intensity of ZrC peaks in the ZTCB XRD pattern. On 

Material Average particle 
size 

Purity 
(%) Supplier 

ZrB2 < 5 µm 99.9 Xuzhou Hongwu Co. China 

TiC 1–3 µm 99.5 Xuzhou Hongwu Co. China 

Carbon 
black 

~15 nm > 95 US Research Nanomaterials 

Fig. 1. The SEM images of the raw powder mixtures of a) ZT and b) ZTCB samples. 
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the other hand, the volume fraction of the complex oxide impurities 
((Zr,Ti)O4 phase)has slightly decreased in the sample contained CB. It 
is also worthy to note that whereas no free-carbon-related peak is 
detected in ZT sample, ZTCB sample shows the detectable amounts of 
free carbon in its final microstructure. The peaks of the crystalline 
carbon can be attributed to the crystallization of the remained 
amorphous carbon through the high-temperature and pressurized 
sintering process. Such a phenomenon has been widely observed and 
reported previously [13]. Based on the XRD patterns, the formation of 
ZrC in both of the samples is clearly confirmed, as previously reported 
by Mishra et al. [15]. The higher volume fraction of the ZrC 
synthesized in the ZTCB sample is confirmed on the basis of the 
greater intensity and width of the ZrC peaks in the XRD pattern of the 

sample. Undoubtedly, this can be considered because of the higher 
amount of carbon available from the two carbon sources in the ZTCB 
sample.  
The manifestation of (Zr,Ti)B2 peaks in both of the samples addresses 
the dissolution of TiB2 in the solid solution. Particularly, as the overall 
peak alignment of the (Zr,Ti)B2 phase resembles the standard XRD 
pattern of ZrB2 with shifts in the peak positions, the dissolution of TiB2 
can be confirmed. Titanium diboride is reported as a byproduct of ZrC 
synthesis through the following reaction [14]:  

ZrB2 + TiC → TiB2 + ZrC      (2)  

Hence, as the reaction takes place at the interface of ZrB2/TiC particles, 
the synthesized TiB2 can easily dissolve in the ZrB2 matrix through the 

Fig. 3. The variations of Free Gibbs Energy vs. temperature for some of the possible chemical reactions in the system. Thermodynamic calculations 
are carried out using HSC Chemistry package. 

Fig. 2. The XRD patterns of the sintered samples compared to the raw powders. 
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replacement of zirconium atoms with smaller titanium ones. The 
dissolution phenomenon is also promoted by relatively similar 
crystalline structure of both phases and not only leads to a uniform 
distribution of Ti in the solid solution but also results in compressive 
stresses in ZrB2 crystals. The compressive stresses cause the decreased 
lattice parameter of ZrB2 and consequently reduce the distance between 
crystal plans which is manifested as peak shift in XRD patterns. Such a 
peak shifting phenomenon, may be intensified via increased Ti 
dissolution, and finally leads to the appearance of individual (Zr,Ti)B2 
peaks, as seen in Fig. 2. However, it should be noted that as the 
dissolution takes place in ZrB2 crystals, the XRD pattern of (Zr,Ti)B2 
solid solution follows the overall feature of ZrB2 XRD pattern.  
The thermodynamic calculations of the possible chemical reactions can 
provide better understanding about the mechanism of reactive sintering 
as well as the densification behavior of the SPSed composites. Hence, 
the variations of Free Gibbs Energy (FGE) vs. temperature for the 
possible chemical reactions in the composite system are presented as 
ΔG vs. T curves in Fig. 3.  
According to Fig. 3, many of the chemical reactions seem not to be 
thermodynamically favorable, as their ΔG values do not fulfill the 
energy term of the reaction (positive ΔG). On contrary, the oxidation of 
ZrB2 and TiC compounds (Eqs. 3 and 4, respectively) is 
thermodynamically possible through all the temperature ranges. 

ZrB2 + 2.5O2(g) → ZrO2 + B2O3      (3) 

TiC + 1.5O2(g) → TiO2 + CO(g)      (4) 

ZrB2 may also react with TiO2 through the following reaction which 
results in the formation of TiB2 and ZrO2: 

ZrB2 + TiO2 → ZrO2 + TiB2      (5) 

Therefore, it seems that the C. according to Fig. 3, carbon can 
favorably react with B2O3 and form boron carbide through the 
following reaction: 

2B2O3 + 7C → B4C + 6CO(g)      (6) 

The synthesis of TiB2 which is favorably occurred through Eq. 5 at 
temperatures below 1700 °C, would then continue through the 
following reaction: 

ZrB2 + TiO2 +3C → TiB2 + ZrC + 2CO(g)     (7) 

It should be noted that although the energy term is more favorable for 
Eq. 6, the occurrence and progression of the mentioned reaction are 
tightly restricted by the available B2O3, which is known as the most 
volatile compound of the system and majorly drawn out via the applied 
vacuum of the SPS chamber. Therefore, as presented in Fig. 2, no peak 
of B4C is found in the XRD patterns of both samples; although the 
presence of detectable amounts of boron carbide is thermodynamically 
expected. 
While TiC is the only carbon source of ZT sample, in ZTCB sample, 
the presence of carbon black promotes the progression of Eq. 7 and 
leads to intensified ZrC formation. As seen in Fig. 2, the volume 
fraction (intensity and width of the peaks) of ZrTiO4 phase has also 
decreased in CB-contained sample, which can be attributed to the 
intensified chemical reduction of the formed oxides via carbon black. 
However, the in-situ synthesis of ZrC phase in ZT sample is 
thermodynamically favorable through the following chemical reaction: 

ZrB2 + TiC + 2.5O2(g) → ZrC + TiO2 + B2O3    (8) 

As seen in Fig. 3, the chemical reaction of Eq. 8 follows the overall 
trend of Eq. 7. Hence, it can be paraphrased that the oxidation of ZrB2 
may simultaneously occur with the formation of ZrC. It is also worthy 
to note that while the chemical reaction of Eq. 7 is promoted according 
to the Le Chatelier's principle (drawn out of the formed CO through the 
vacuum chamber), it is tightly limited by the amount of TiO2 in system. 
The formation of enough TiO2 itself depends on the availability of 
oxygen (See Eq. 4) in the vacuum chamber. The chemical reaction of 
Eq. 8 is also restricted by the amount of available oxygen. Therefore, 
despite their favorable energy term, Eqs. 7 and 8 cannot play a major 
role in the ZrC formation through the SPS process.  
On the other hand and based on Fig. 2, TiB2 phase would be presented 
as a mixed crystal with ZrB2. Hence, although the occurrence of Eq. 2 
in its presented form seems to be thermodynamically unfavorable, the 
partial progression of this chemical reaction should be taken into 
account. Ivashchenko et al. [46] have modified the FGE balance of the 
reaction, according to the FGE variations of the solid solution 
formation. The variations of ΔG for the chemical reaction of Eq. 2 are 
calculated as Eq. 9: 

ZrB2 + TiC → TiB2 + ZrC   ∆GR = +19.32 kJ   T = 1900 °C   (9) 

The reaction however includes the in-situ formation of ZrB2/TiB2 solid 
solution ((Zr,Ti)B2 phase). Hence, the energy balance of the solid 
solution formation (Eq. 10) should also be taken into account: 

ZrB2 + δTiB2 → TiδZrB2(1+δ) 
SS

SS 2
δ

2 2

α TiBΔG RT ln
(αTiB ) .αZrB

 
=  

 
 (10) 

And the total variations of the FGE for the simultaneous formation of 
ZrC and TiB2 (Eq. 2) can be calculated according to Eq. 11: 

∆GT = ∆GR + ∆GSS     (11) 

Fig. 4. The variations of ΔGT vs. the fraction of synthesized and 
dissolved TiB2 in ZrB2 matrix, according to Eq. 11. 



72                   SYNTHESIS AND SINTERING 2 (2022) 67–77 H. Istgaldi et al. 

 

Within these equations, ∆GSS, ΔGR, ΔGT, αSSTiB2, αTiB2, and αZrB2 
represent the ∆G of ZrB2/TiB2 solid solution formation, the ∆G of the 
reaction (Eq. 2) at the sintering temperature, the total (modified) ∆G of 
the chemical reaction of Eq. 2, the activity of TiB2 in the crystal 
structure of ZrB2 (solid solution), the activity of TiB2, and the activity 
of ZrB2, respectively. Fig. 4 shows the variation of ΔGT vs. the fraction 
of synthesized and dissolved TiB2. Considering the synthesized TiB2 
and initial ZrB2 as pure phases, their activity in Eq. 10 would be equal 
to 1. However, when TiB2 is dissolved in the ZrB2 crystal, the activity 
of dissolved TiB2 would depend on its mole fraction in the solid 
solution, which should be considered less than the ideal amount [46]. 
Hence, at the initial stages of TiB2 synthesis and dissolution, the 
activity of the mixed TiB2 should be very small, so the ∆GSS would be 
considerably negative and cause negative ΔGT (see Fig. 4). Hence, it 
can be concluded that while the direct reaction of ZrB2 and TiC seems 
to be thermodynamically impossible in its standard form, the 

simultaneous dissolution of synthesized TiB2 in ZrB2 changes the 
energy term of the reaction and promote the progression of Eq. 2. As 
seen in Fig. 4, the energy term would be favorable till the fraction of 
dissolved TiB2 reaches around 40 at% (50 wt%). Accompanied by the 
detection of Zr0.5Ti0.5B2 peaks in the XRD patterns, the formation of 
considerable fractions of ZrC at both samples (with and without free 
carbon) also confirms the dominant role of modified Eq. 2 in the 
reactive sintering process, compared to Eq. 7. However, the lower 
fraction of TiZrO4 as well as the slightly higher fraction of synthesized 
ZrC, addresses the reduction of ZrO2 via free carbon in ZTCB sample, 
which occurs through the following reaction (particularly at                  
T > 1750 °C, according to Fig. 3):  

ZrO2 + 3C → ZrC + 2CO(g)    (12)  

Fig. 5 shows the FESEM micrographs and related EDS elemental maps 
of the sintered samples. Accordingly, while the ZT sample shows a 

Fig. 5. FESEM micrographs and related EDS elemental maps of the selected area in a) ZT and b) ZTCB samples. 
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small fraction of the remained porosities (dark areas), the 
microstructure of the ZTCB sample also includes remained carbon 
(marked in Fig. 5b). Comparing the magnified area in both samples, 
relatively smoother and clearer interfaces between the synthesized ZrC 
and the matrix can also be observed in ZT sample. The microstructural 
images of Fig. 5, however, confirm the near-fully dense composite 
structures in both sintered samples.  
In addition to the relatively homogenous phase distribution in the 
microstructure of the SPSed composites, comparing the elemental maps 
of Zr and Ti confirms the results of the XRD analysis about the 
formation of (Zr,Ti)B2 as the continuous phase (matrix) in both of the 
composite samples. The Zr-rich areas in which the higher 
concentrations of Zr atoms can be observed through the elemental 
maps address the formation of ZrC phase (depleted of Ti atoms). 
Zirconium carbide, as previously reported [2], can be distinguished as 
light gray (white) area in the back-scattered electron micrographs. The 
ZrB2-TiB2 solid solutions are also observed as the dark gray areas, as 
shown in Fig. 5. 
Both of the samples include areas with high oxygen concentrations, 
although the oxides are better distinguished in ZTCB sample near the 
remained carbon and/or porosities. The presence of such oxides in the 
interfaces and particularly in triple points, confirms the presence of 
previously addressed ZrTiO4 phase. However, comparing the EDS 
elemental maps of C and O, the consumption of the oxides through the 
reduction reaction and the formation of secondary ZrC phase in ZTCB 
sample is confirmed. Such a phenomenon seems to cause discontinued 
interfaces in the mentioned sample, compared to the ZT sample.  

3.2. Mechanical properties 

Fig. 6 shows the measured hardness and indentation fracture toughness 
(IFT) values of the SPSed composites. While the obtained hardness of 
the current TiC-reinforced composites is close to the overall reports of 
ZrB2-SiC composites, the relatively increased hardness of the ZTCB 
sample (24.3 MPa) attracts more attention. Farahbakhsh et al. [47] 

investigated the ZrB2-SiC composite doped with nano-sized carbon 
black particles densified through hot-pressing (HP) at 1850 °C under 
the applied pressure of 20 MPa for 60 min. They found that the 
addition of 20 vol% SiC and 10 vol% nano-sized carbon black can lead 
to a relative density of 99.8%, a Vickers hardness of 16.7 GPa, and a 
fracture toughness of 5.8 MPa.m0.5. Zhou et al. [48] investigated the 
HPed ZrB2-20 vol% SiC composites doped with 5 vol% nano-sized 
carbon black densified at 1900 °C, and reported a hardness of 12.3 GPa 
and a fracture toughness of 6.6 MPa.m0.5 [48]. Accordingly, while the 
presence of carbon black may lead to the relatively higher volume 
fraction of the porosities as well as the remained carbon (as the soft 
interfacial phase) in the final microstructure of the ZTCB sample, the 
higher hardness number of this sample can be attributed to the role of 
CB in ZrO2 reduction, which leads to the higher volume fraction of in-
situ synthesized ZrC. The formation of B4C as a result of the reaction 
between carbon and B2O3 impurity (Eq. 6), although has not been 
clearly confirmed (but thermodynamically favorable at higher 
temperature), may be considered as another effective parameter in 
achieving such a relatively high hardness number.  
Compared to the common ZrB2-SiC composites with similar volume 
fractions of the reinforcement phase, the formation of (Zr,Ti)B2 solid 
solution as the matrix of the composites in this study, can be considered 
the main hardening mechanism. The formation of in-situ ZrC and B4C 
as the hard secondary phases also promotes the enhanced hardness of 
the composites. The formation of such an addressed solid solution, 
however, leads to the highly stressed (compressive) matrix and then, 
would influence the fracture toughness of the materials. In addition to 
the formation of a solid solution as the matrix, the toughening behavior 
of the sintered composites is also affected by the secondary phases and 
reinforcements.  
Increased fracture toughness via the secondary phases mainly occurs 
through the interactions of the progressing cracks including crack 
deflection and bridging with these phases. Through such mechanisms, 
the concentrated stress at the crack tip would be released and lead to 
improving fracture toughness. However, such mechanisms are highly 
dependent on the type and quality of the interfaces between the 
secondary phases and the matrix [41, 42]. 
The FESEM micrographs and corresponding EDS elemental maps of 
the sintered samples are presented in Fig. 7 to illustrate the fracture 
behavior and phase distribution in the samples.  
As seen in Fig. 7, the fracture surface of the ZT sample shows 
relatively large fracture plans (marked areas with dashes) in both of the 
matrix and reinforcement phases (dark and light gray areas in Fig. 7b, 
respectively) and resembles the smooth fracture surface. On contrary, 
ZTCB sample includes a relatively rough fracture surface. In other 
words, whereas several changes in the fracture plan are observed in 
ZTCB sample and shows a prolonged crack path through intergranular 
fracture mode, transgranular fracture mode with relatively smooth 
surfaces is observed in ZT sample. Hence, as seen in Fig. 6, higher IFT 
value is observed in ZTCB sample, which is derived from the 
prolonged intergranular crack path. The presence of secondary phases 
(mainly ZrC and remained carbon) is also confirmed according to the 
magnified area in Fig. 7b and its related EDS elemental maps. Fig. 8 
also shows the FESEM micrographs of the propagation of the cracks 
induced by the Vickers indenter in both of the sintered composite 
samples, and can be used to reveal the dominant toughening 
mechanisms in the materials. 

Fig. 6. The measured hardness and indention fracture toughness of the 
SPSed composite. 
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As seen in Fig. 8, the cracks are propagating in relatively direct paths in 
ZT sample, which shows the minimum effects of the reinforcement in 
toughening the composite. In other words, the formation of the solid 
solution plays the major role in toughening the ZT sample. Through 
such a mechanism, the intrinsic strength of the highly stressed 
(compressive) solid solution matrix blunts the crack tip and inhibits the 
fast propagation of the cracks. However, the reinforcements also may 
participate in the toughening of the composite through various 
mechanisms like crack deflection, as marked in Fig. 8a-1. Such a 
behavior can be attributed to the synthesis mechanism of the 
reinforcements in ZT sample in which the in-situ synthesized ZrC is 
mainly formed through the simultaneous synthesis and dissolution of 
TiB2 (Eq. 3). Hence, while clear interfaces would be formed at the 
inter-phase boundaries, the concentrated stresses at the interfaces 
would be at the minimum level (to keep the lattice mismatch energy at 
the lowest level, and promotes the simultaneous dissolution of TiB2 and 
the synthesis of ZrC). Therefore, the ability of the formed interfaces to 
effectively blunt or deflect the propagating cracks would be decreased. 
Hence, the toughening through secondary phases is not the dominant 

toughening mechanism in ZT sample, compared to the solid solution 
forming in the matrix which resulted in branching and blunting the 
cracks (Fig. 8b-1). The relatively smooth fracture surface of the ZT 
sample (Fig. 7a) in which no obvious difference is observed between 
the matrix and the in-situ synthesized secondary phases (ZrC), 
confirms such a discussion.  
The addition of carbon black, however, changes the toughening 
behavior of the composite. As seen in Fig. 8b, the paths of the 
propagating cracks include several deflections, mainly at the inter-
phase boundaries. Zhou et al. [48] manufactured a ZrB2-based 
composite reinforced with 20 vol% SiC and 5 vol% of carbon black 
through the hot pressing, and measured the fracture toughness of        
6.6 MPa.m0.5. They concluded that the increase in the fracture 
toughness is induced by the weak interfaces, which results in the 
formation of micro-cracks. Such micro-cracks activate a number of 
toughening mechanisms including crack deflection, blunting, and 
bridging. Fig. 8b confirms the occurrence of similar mechanisms in 
ZTCB samples. As shown in Figs. 8b-1 and 8b-2, while the inter-phase 
boundaries in ZT sample have not effectively participated in crack 

Fig. 7. The FESEM micrographs of the fracture surface in a) ZT and b) ZTCB sample with the related EDS elemental maps. 
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deflection, the crack path has repeatedly changed at the interfaces 
between ZrC and the matrix in ZTCB sample. Hence, besides the 
increased strength of the matrix induced by the solid solution 
formation, the relatively weak inter-phase boundaries which may 
include the remained carbon (See Fig. 8b-2), participates in the 
toughening of ZTCB sample and lead to the obtained fracture 
toughness, which shows approximately 30% increase compared to 
carbon-free sample (ZT). The formation of secondary ZrC (the product 
of ZrO2 reduction via carbon black through Eq. 12) may also promote 
the increased fracture toughness in ZTCB sample, as these types of ZrC 
form different types of interfaces with the matrix.  
It is also worthy to note that while no traces of B4C was found in both 
of the phase analysis and microstructural investigations, the possible 
presence of boron carbide nanoparticles at the interfaces of the ZTCB 
sample may also promote crack deflection at the boundaries of the in-
situ synthesized ZrC. The remained carbon which is presented in the 
microstructure as a porous secondary phase, may also influence the 
crack blunting and crack deflection mechanism, and consequently 
enhance the fracture toughness of the composite (marked in Fig. 8b-2). 
Conclusively, while the increased strength of the matrix due to solid 
solution formation is introduced as the main toughening mechanism of 
ZT sample, the addition of carbon black activates the interface-induced 
toughening mechanisms such as crack deflection and branching, and 
leads to the enhanced fracture toughness a CB-contained ZrB2-TiC 
composite sample.  

 Conclusions 4.

The effects of nano-sized carbon black on the mechanical properties, 
phase arrangement, and microstructural characteristics of ZrB2-TiC 
ceramics densified through spark plasma sintering at 1900 °C for           
7 minutes and under the applied pressure of 40 MPa were studied. 

The obtained results revealed higher hardness and considerable 
improvement in the fracture toughness, using 1 wt% of nano-sized 
carbon black as the additive in ZrB2-20 vol% TiC composites. The 
formation of (Zr,Ti)B2 solid solution as the matrix and in-situ 
synthesized ZrC as the reinforcement was confirmed through the 
characterization of the sintered materials. The thermodynamic of 
reactive sintering and solid solution formation as well as the phase 
arrangements of the composites with and without carbon black additive 
were then investigated. 
It was also found that while the carbon black does not meaningfully 
affect the densification behavior of the composite, it can activate 
several toughening mechanisms and besides the hardness, enhances the 
fracture toughness of the ZrB2-TiC composites densified through spark 
plasma sintering. The toughening mechanisms and the fracture 
behavior of the composites were also discussed. 
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