
 

 

Influence of TiB2 and CrB2 on 
densification, microstructure, and 
mechanical properties of ZrB2 
ceramics 

Yuan, J-H., Guo, W-M., Liu, Q-Y., Zhang, Y., Wu, L-X., You, Y., 
Sun, S-K., Bai, M. & Lin, H-T 
Author post-print (accepted) deposited by Coventry University’s Repository 
 
Original citation & hyperlink:  

Yuan, J-H, Guo, W-M, Liu, Q-Y, Zhang, Y, Wu, L-X, You, Y, Sun, S-K, Bai, M & Lin, H-T 
2021, 'Influence of TiB2 and CrB2 on densification, microstructure, and mechanical 
properties of ZrB2 ceramics', Ceramics International, vol. 47, no. 19, pp. 28008-
28013. https://doi.org/10.1016/j.ceramint.2021.06.130 
 

DOI     10.1016/j.ceramint.2021.06.130 
ISSN    1568-4946 
 
Publisher: Elsevier 
 
© 2021, Elsevier. Licensed under the Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International 
http://creativecommons.org/licenses/by-nc-nd/4.0/ 
 
Copyright © and Moral Rights are retained by the author(s) and/ or other 
copyright owners. A copy can be downloaded for personal non-commercial 
research or study, without prior permission or charge. This item cannot be 
reproduced or quoted extensively from without first obtaining permission in 
writing from the copyright holder(s). The content must not be changed in any way 
or sold commercially in any format or medium without the formal permission of 
the copyright holders.  
 
This document is the author’s post-print version, incorporating any revisions 
agreed during the peer-review process. Some differences between the published 
version and this version may remain and you are advised to consult the published 
version if you wish to cite from it.  

https://doi.org/10.1016/j.ceramint.2021.06.130
http://creativecommons.org/licenses/by-nc-nd/4.0/


Influence of TiB2 and CrB2 on densification, microstructure, and mechanical 

properties of ZrB2 ceramics 

Jin-Hao Yuan1, Wei-Ming Guo1,#, Qiu-Yu Liu1, Yan-Zhang1, Li-Xiang Wu2, Yang 

You3,#, Shi-Kuan Sun4, Ming-Wen Bai5, Hua-Tay Lin1 

1 School of Electromechanical Engineering, Guangdong University of Technology, 

Guangzhou 510006, China 

2 ATF Research and Development Center, China Nuclear Power Technology Research 

Institute, Shenzhen 518026, China 

3 School of Chemical Engineering and Light Industry, Guangdong University of Technology, 

Guangzhou 510006, China 

4 School of Material Science and Energy Engineering, Foshan University, Foshan, 

Guangdong, 528000, China 

5 Institute for Future Transport & Cities, Coventry University, Coventry, CV1 5FB, UK 

Abstract:  

The sinterability, microstructure, and mechanical properties of pure TiB2- and 

CrB2-doped ZrB2 prepared by spark plasma sintering were investigated. The solid 

solutions were synthesized by the complete borothermal reduction to form 

(Zr0.95Ti0.05)B2 and (Zr0.95Cr0.05)B2. The results showed that the solid solution of 

(Zr0.95Ti0.05)B2 yielded the smaller particle size than that of (Zr0.95Cr0.05)B2. The 

sinterability was also improved with the use of the solid solutions, as evidenced by an 

increase of relative density but at the cost of coarsened microstructure. Overall, 

(Zr0.95Cr0.05)B2 possessed significantly higher relative density and Vickers hardness 

than ZrB2 and (Zr0.95Ti0.05)B2.  
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1 Introduction 

Ultra-high-temperature ceramics (UHTCs) [1-3] and Ultra-high temperature 

ceramic composites (UHTCC) [4-6] are the type of refractory materials that own 

excellent high-temperature stability over 2000°C and enable themself to be applied 

as possible thermal protection system materials. Among them, a considerable amount 

of efforts have focused on zirconium diboride (ZrB2) [7-10]. ZrB2 ceramics possess 

the combined desirable structural properties, including high melting point (>3000oC), 

high thermal conductivity, good oxidation resistance, good thermal shock resistance 

and corrosion resistance [11-15]. However, it remains challenging to sinter ZrB2 

ceramics under mild temperature condition due to the oxygen impurities within the 

starting ZrB2 powder and the strong covalent bonding [16,17]. Consequently, pure 

ZrB2 ceramics was difficult to be densified by pressureless sintering [18]. Utilizing 

hot-pressing, Guo et al. [11] sintered pure ZrB2 ceramics at 2000oC for an hour under 

the pressure of 30 MPa and the relative density only reached 90.4%. It was considered 

that the coarse particle size of the starting ZrB2 powder and the strong Zr-B covalent 

bonding hindered the densification. Therefore, the intrinsic low sinterability of ZrB2 

ceramics remained a barrier to its wider application [18,19] which required the careful 

chemical composition tailoring and sintering process selection. 

Aiming to prepare high-quality ZrB2 powder, several synthetic routes had been 

developed, such as borothermal reduction [20], boro/carbothermal reduction [21] and 

self-propagating high-temperature synthesis (SHS) [22]. Borothermal reduction 

method was considered to be excellent, which could achieve a high purity of ZrB2 

powder, although the undesirable coarsening (2~5μm) was also observed [20,23]. In 

our previous work, it was found that the solid solution of (Zr0.99Ti0.01)B2, 

(Zr0.98Ti0.02)B2 and (Zr0.95Ti0.05)B2 could refine the particle size [21]. However, the 



sinterability of Ti-doped ZrB2 was not investigated yet. Morevoer, providing the 

similiarity of solid solution, (Zr0.95Cr0.05)B2 was of interest to investigated and 

compare with Ti case. From this perspective, the present work would employ 

borothermal reduction route, and the effects of the solid solution (Ti- and Cr-doped) 

on the particle size, the sinterability, microstructural evolution, and mechanical 

properties of ZrB2-based ceramics via spark plasma sintering was studied and 

compared. 5 mol% of borides (TiB2 and CrB2), both of which demonstrated superior 

physical/chemical stability and mechanical properties [24-27], was added to form 

(Zr0.95Ti0.05)B2 and (Zr0.95Cr0.05)B2, respectively. The purpose of the current work was 

to improve the synthestic process of ZrB2-based powder as well as the microstructure 

and properties of ZrB2-based ceramics. As such, an overall undstanding could be 

expected to reach, which contributed to the optimization of the manufacture process.  

 

2 Experimental 

Commercially available ZrO2 (average particle size: 0.6 μm, purity 99.8%, 

Changsha Xili Nano Lapping Technology Co., Ltd., China), TiO2 (~21 nm, 99.9%, 

Xuancheng Jingrui New-Materials Co., Ltd., China), Cr2O3(~0.6 μm, 99.9%, 

Shanghai Naiou Nano Technology Co., Ltd., China) and amorphous boron (<1 μm, 

95.6%, Dandong Chemical Engineering Institute Co., Ltd., China) were used as the 

raw material. According to borothermal reduction, the reagents were batched, 

targeting ZrB2, (Zr0.95Ti0.05)B2 and (Zr0.95Cr0.05)B2. The raw materials were mixed by 

roller milling for 24 hours with ethanol and Si3N4 as milling media. Borothermal 

reduction was carried out by heat-treating the precursors at 1600oC for 1 hour under 

vacuum (LHS-2, Zhongshan Kaixuan Vaccum Science and Technology Co., Ltd., 

China). Afterwards, ZrB2, (Zr0.95Ti0.05)B2 and (Zr0.95Cr0.05)B2 powders were spark 



plasma sintered (SPS) at 2000oC, with a heating rate of 150oC/min and a duration of 

10 min in a SPS furnace (H-HPD 10-FL, FCT Systeme Gmbh, Germany) under Ar 

atmosphere. The uniaxial pressure of 30 MPa was applied during the sintering.  

The densities of the as-prepared ZrB2 ceramics were determined by Archimedes’ 

method according to ASTM B962-17. Relative densities (RD) of as-sintered bulks 

were calculated by dividing measured bulk densities by theoretical densities (TD), 

according to the rule of mixture: TD=6.09 g/cm3 for ZrB2, 5.54 g/cm3 for 

(Zr0.95Ti0.05)B2 and 5.91 g/cm3 for (Zr0.95Cr0.05)B2. X-ray Diffraction (XRD) were 

performed using D8 ADVANCE (Germany). The specific surface area of ZrB2-based 

powder products was determined by using the Brunauer-Emmett-Teller (BET) 

method and nitrogen adsorption analysis (SA 3100, Beckman Coulter, Inc., Brea, CA, 

USA). Assuming a spherical particle shape, the average particle size (d) was the 

calculation of the BET value. The microstructures of ZrB2 powder and ZrB2 ceramics 

were investigated by scanning electron microscopy (SEM; Nova NanoSEM430, FEI, 

Netherlands). Vickers hardness was examined by Vickers Hardness Tester (HXD-

2000TM/LCD, Temin Optical Instrument Ltd., China) using a load of 1.96 N with 15 

s holding time and at least 10 points were tested for each sample on the polished 

surface. The fracture toughness was evaluated by the indentation method using a load 

of 49 N for 10s. 

 

3 Results and discussion 

3.1 Synthesis of ZrB2 solid solutions 



Figure 1 demonstrated XRD patterns of ZrB2, (Zr0.95Ti0.05)B2 and (Zr0.95Cr0.05)B2 

powders after borothermal reduction at 1600oC. After borothermal reduction reaction, 

only the ZrB2 peaks were detected and no reflection of oxide or MeB2 (Me = Ti, Cr) 

could be observed in these three types of powders, indicative of the formation of the 

single-phase ZrB2 and the corresponding solid solutions. This agreed with previous 

studies [28], and the absence of the starting oxides indicated that ZrO2 and TiO2 or 

Cr2O3 completely reacted with boron, and the solid solutions were formed after 

borothermal reduction at 1600oC. 

 

Figure 1. XRD patterns of ZrB2(a), (Zr0.95Ti0.05)B2(b) and (Zr0.95Cr0.05)B2(c) powders 

after borothermal reduction at 1600oC. 

 SEM images of the as-synthesized ZrB2, (Zr0.95Ti0.05)B2 and (Zr0.95Cr0.05)B2 

powders after borothermal reduction at 1600oC were displayed in Figure 2. Based on 

the calculation of BET, the particle size of the dopant-free ZrB2 powder was found to 



be the largest, approximately 1.70 μm, and the solid solution of (Zr0.95Ti0.05)B2 showed 

the significantly refined the particle size of 0.59 μm. Whereas, the doping of CrB2 was 

unable to refine the particle size of (Zr0.95Cr0.05)B2, of which the average particle size 

was 1.59 μm. It was considered that the refined particle size of ZrB2 powder was due 

to the TiB2 dopant, which could inhibit the coarsening effect of the by-product B2O3 

[27]. On the other hand, it was reported that CrB2 could suppress ZrB2 powder 

nucleation and thus accelerated the growth of ZrB2 particle [29].  

 

Figure 2. SEM images of the as-synthesized ZrB2(a), (Zr0.95Ti0.05)B2(b) and 

(Zr0.95Cr0.05)B2(c) products after borothermal reduction at 1600oC. 

 

3.2 Densification and microstructure of ZrB2-based ceramics 

 The relative densities of the specimens after spark plasma sintering at 2000oC for 

10 min were listed in Table 1. The relative density of ZrB2 ceramics without dopant 

was only 85.4%. It was previously reported that relative density could only reach < 80% 



after hot-pressing ZrB2 ceramics at 1800oC [28, 29]. Compared with the dopant-free 

ZrB2 ceramics, the relative density of (Zr0.95Ti0.05)B2 increased to 92.8%, indicating the 

enhanced densification was achieved by using the solid solution. Previous studies had 

showed that the introduction of the local defect via solid solutions might enhance the 

surface diffusion of solid solutions [27]. As for (Zr0.95Cr0.05)B2, a significant increase 

in relative density was obtained, reaching a value of 99.9%. This improvement can be 

explained by a previous study [29] that the addition of CrB2 activated the precipitation 

mechanism of boride and expanded the region of the solid solution. As a result, 

densification was promoted because of the larger diffusion tendency of the Cr element. 

For comparison, Table 1 also listed RD results of ZrB2 ceramics derived from other 

powder processing procedures [19,22], where evidenced the relative densities in 

(Zr0.95Cr0.05)B2 in the present work was much higher. This further proved that the 

current solid solution method could offer the improved sinterability of ZrB2-based 

ceramics.  

 Figure 3 showed the microstructure of the fracture surface of the sintered samples. 

The SEM observation was consistent with the relative density result, where the porosity 

was evidenced in ZrB2 and (Zr0.95Ti0.05)B2 samples (Figure 3a and 3b) and an almost 

fully dense microstructure was found in (Zr0.95Cr0.05)B2 (Figure 3c). The main fracture 

mode of ZrB2 and (Zr0.95Ti0.05)B2 was intergranular fracture. While, some large grains 

also exhibited the feature of transgranular fracture for (Zr0.95Ti0.05)B2. The 

(Zr0.95Cr0.05)B2 was mainly with the transgranular fracture, indicative of the possible 

grain boundary strengthening. 



 Figure 4 displayed the microstructure of the polished surfaces of ZrB2, 

(Zr0.95Ti0.05)B2 and (Zr0.95Cr0.05)B2 specimens. It could be seen from Figure 4a that the 

porosity of dopant-free ZrB2 ceramics was obvious. The surface of (Zr0.95Ti0.05)B2 

(Figure 4b) showed fewer and smaller pores, compared with ZrB2. A dense 

morphology was evidenced in (Zr0.95Cr0.05)B2 specimens (Figure 4c). The results of 

the above microstructure were consistent with the density results. The average grain 

sizes for ZrB2, (Zr0.95Ti0.05)B2 and (Zr0.95Cr0.05)B2 samples were measured to be 

3.19±1.01 μm, 3.45±0.72 μm and 5.95±1.45 μm, respectively. The particle size of ZrB2 

powder was initially the largest (Table 1). However, after the sintering process, the 

grain size became the smallest, as the final stage of sintering didn’t take place. The 

particle size of the starting (Zr0.95Ti0.05)B2 powder was significantly smaller than that 

of ZrB2 powder. However, the grain size of the sintered (Zr0.95Ti0.05)B2 sample was 

slightly bigger than ZrB2 ceramics. It agreed with a previous study [27] which revealed 

that the solid solution of (Zr0.95Ti0.05)B2 could accelerate the surface diffusion of ZrB2-

based particle, leading to the coarser grain size. In addition, the grain size of the sintered 

(Zr0.95Cr0.05)B2 was significantly coarsened from the initial particle size of 1.59 μm to 

5.95 μm. 



 

Figure 3. Fracture morphology of ZrB2(a), (Zr0.95Ti0.05)B2(b) and (Zr0.95Cr0.05)B2(c) 

ceramics after sintering. 

 

Figure 4. SEM images of the polished surface of ZrB2(a), (Zr0.95Ti0.05)B2(b) and 

(Zr0.95Cr0.05)B2(c) ceramics after sintering. 

In this work, a remarkable densification improvement was achieved by comparing 

with previously reported values among ZrB2 ceramics. After splark plasma sintering at 

2000oC, (Zr0.95Cr0.05)B2 ceramic was almost fully dense. In comparison, it was reported 

that the relative density of ZrB2 after sintering at 2100oC was 96.1% [30]. The density 



of pure ZrB2 after sintering at 2000oC was measured to be 95.8% but under a higher 

pressure of 50 MPa [31]. It was considered that the CrB2 dopants could provide a 

pathway towards full densification via the chemical composition design. 

 

3.3 Mechanical properties of ZrB2–based ceramics 

Vickers hardness and fracture toughness of the sintered specimens were listed in 

Table 1. Due to the lower relative density, ZrB2 ceramics showed a low hardness of 

9.1±1.4GPa. The relative density of (Zr0.95Ti0.05)B2 increased to 92.8%, and its hardness 

increased to 13.1±0.7GPa. Owing to the full densification of (Zr0.95Cr0.05)B2, the 

hardness was increased to 16.8±0.6GPa, much higher than that of ZrB2. Table 1 also 

listed some published values of ZrB2 ceramics from open literatures. It could be seen 

that Vickers hardness of (Zr0.95Cr0.05)B2 in this work was higher than other results. 

The fracture toughness of ZrB2, (Zr0.95Ti0.05)B2 and (Zr0.95Cr0.05)B2 was determined to 

be 2.98±0.39 MPa·m1/2, 2.67±0.50 MPa·m1/2 and 2.14±0.59 MPa·m1/2, respectively. 

The fracture toughness of ZrB2 and (Zr0.95Ti0.05)B2 was higher than (Zr0.95Cr0.05)B2. 

From the fracture surface observation in Figure 3, it could be clearly observed that 

(Zr0.95Cr0.05)B2 didn’t reveal the toughening mechanism derived from the grain 

boundary strengthening, resulting in the decrease in toughness. 

Table 1. Grain size, relative density and mechanical properties of ZrB2-based 

ceramics in this work and comparison with the literature. 



*- not reported. 

4 Conclusion 

 In the present work, ZrB2 and (Zr0.95Ti0.05)B2 and (Zr0.95Cr0.05)B2 were prepared 

by borothermal reduction. The particle size of pure ZrB2 powder was about 1.70 μm. 

and the particle size of (Zr0.95Ti0.05)B2 powder was significantly refined to 0.59 μm. 

Nevertheless, the particle size of (Zr0.95Cr0.05)B2 powder was not significantly reduced 

(1.59 μm). Despite the coarsening microstructure, the densification and Vickers 

hardness of (Zr0.95Ti0.05)B2 and (Zr0.95Cr0.05)B2 ceramics after spark plasma sintering 

at 2000oC were significantly improved owing to the enhanced densification, especially 

for (Zr0.95Cr0.05)B2 specimens. (Zr0.95Cr0.05)B2 demonstrated an enhanced 

densification (relative density = 99.9%) and a high Vickers hardness (16.8±0.6 GPa). 

 

5 Acknowledgements 

Composition Conditions 
Relative 

density 

Grain 

size/μm 

Vickers 

hardness 

(Hv1.0, GPa) 

Fracture 

toughness 

(MPa·m1/2) 

ZrB2 2000oC/10min/30MPa/ 

SPS 

This work 

85.4 3.19±1.01 9.1±1.4 2.98±0.39 

(Zr0.95Ti0.05)B2 92.8 3.45±0.72 13.1±0.7 2.67±0.50 

(Zr0.95Cr0.05)B2 99.9 5.95±1.45 16.8±0.6 2.14±0.59 

ZrB2[19] 

from 

boro/carbother

mal reduction 

2000oC/2h 

Pressureless sintering 
~85 0.5~1 -* -* 

ZrB2[22] 

from SHS 

1800oC/10min/40MPa/ 

SPS 
97.5 ~5 13.6 4.2 

ZrB2[28] 
1800oC/60min/20MPa/ 

Hot pressing 
78 3~5 -* -* 

ZrB2[29] 
1650oC/120min/60MPa/

Hot pressing 
71.6 3.4 -* -* 

ZrB2[30] 
2100oC/15min/35MPa/ 

SPS 
96.1 4~6 15.4±1.2 2.75±0.41 
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