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Abstract 
Commercial powders of alpha silicon carbide, boron carbide and zirconium oxide were added into ZrB2 powders 
synthesized by citrate gel method to obtain composition of ZrB2-SiC, ZrB2-B4C, ZrB2-ZrO2, which were 
activated with methanol in high energy planetary mill. Dispersion of these compositions was carried out with 1.5 
wt. % PEI (polyethyleneimine) by using overnight ball milling in ethanol. Then samples, formed by dry pressing 
and cold isostatic press, were sintered at 1750 °C for 5 h. under argon atmosphere. The density and hardness of 
ZrB2-based composites were found 96, 92 and 92 % of theoretical density with hardness values of 17.7, 12.6 and 
3.1 GPa, respectively. 
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Introduction 
ZrB2-based ceramics have favorable structural and 
mechanical properties such as high melting 
temperature, high hardness with strength, good 
thermal and electrical conductivity, high thermal 
shock and chemical resistance. Due to these 
properties, the applications of these materials 
include use in aerospace, high temperature 
electrode, crucible and furnace elements [1, 2] 
 
It is difficult to densify zirconium diboride due to 
having covalent bonding with low diffusion 
coefficient along with high melting point. 
Fahrenholtz et al. stated that  ZrB2 based materials 
can be fully densified without sintering aids around 
2100-2300 °C, but sintering aids addition is 
diminished densification temperature below to 2000 
°C. Monolithic ZrB2 does not completely meet 
processing and mechanical properties itself. 
Therefore, difficulties in processing and weakness 
in the mechanical properties (low strength and 
fracture toughness) can be eased by sintering 
additives. As a result, the composites have 
enhanced densification and mechanical properties.  
 
For instance, the addition of SiC into ZrB2 exhibits 
better oxidation resistance and mechanical 
properties as well as reduction of sintering 
temperature. Moreover the addition of B4C assists 
to diminish sintering temperature. Zirconium 
diboride with zirconia improve the fracture 
toughness [3-7] 

The aim of this study is (i) to densify ZrB2 based 
composites at low temperature and (ii) to acquire 
improved mechanical properties. 
 
 
Materials and Methods 
ZrB2 powders (S.A: 1.6 m2/g and dXRD: 60 nm) 
synthesized by citrate gel method were mixed with 
commercial powders; α-SiC (%99.8 Alfa Aesar), 
B4C ( > 99% Alfa Aesar) and ZrO2 (99.9% Inframat 
Advanced Materials) and following 3 composition 
have been obtained. The citrat-gel route described 
in detail elsewhere [8]. 
 
(i) ZrB2 / α-SiC (20 vol %) 
(ii) ZrB2 / B4C    (3 vol %) 
(iii) ZrB2 / ZrO2   (7 vol %) 
 
These compositions were activated in planetary mill 
(Fritsch Pulverisette 7) within zirconia jar and balls 
(10 mm) in methanol for 850 rpm and 3 hours.  
Powder/ball ratio was 1:10. Then, activated 
powders were dispersed. During the dispersion 
process, powders/PEI/ethanol/balls ratio was 
1:0.015:5:10. After milling, filtered and dried 
samples were mixed with PVA (polyvinyl alcohol) 
to obtain granulate. 
 
Average granulate is about 100-200 microns and 
then formed by uniaxial pressed at 15 MPa and 
subsequently by cold isostatic press at 120 MPa. 
Green density of samples was obtained at the range 



Goemez et al.                  74 

of 50-55 % of theoretical density. Samples into 
graphite crucible were loaded in controlled 
atmosphere furnace. Composites were sintered at 

1750 °C for 5 hours (in Argon) with rate of 5 
°C/min. 

 
The microstructure of densified samples were 
characterized by (SEM) scanning electron 
microscopy (JEOL 6335F) with 20 kV accelerating 
voltage. Density of samples was determined by 
Archimedes method.  Hardness was measured by 

static indentation test with Vickers indenter made 
up of diamond.  The basic principle of Vickers 
hardness (HV) is to observe the sample`s ability to 
resist plastic deformation from a standard source 

test. 
 
The hardness value can be calculated as follows: 
 

𝐻𝑣 = 1,8544
𝑃
𝐷!

 
 
Where P is indentation load, D: average length of 
the diagonal. Before the test, samples were set into 
epoxy and then polished with SiC sad paper. 
Hardness test was carried out with microhardness 
equipment (Future–Tech) under 9.8 N for 15 sec.  
Then, the size of indentation was measured. 
 
 
Results and Discussions 
According to the sintering results, the samples 
containing 20 vol% α-SiC gives better values (96%) 
via pressureless sintering at 1750 oC. The addition 
of α-SiC increased the thermal conductivity of 
samples, which reduce sintering temperature. In the 
meantime, the hardness of these samples was 17.7 
GPa (at 9.8 N) due to high density. On the other 
hand, the addition of 3 vol% B4C and 7 vol% ZrO2 
reveals 92 % of theoretical densities with hardness 
values of 12.6 and 3.1 GPa, respectively. Table 1 
shows density and hardness of ZrB2 based ceramic 
composites. 
 
Table 1. The density and hardness values of ZrB2 
based ceramic composites. 
 

Label Composition 
(vol %) 

R.D 
(%) 

HV 
(GPa) 

ZB-SC ZrB2 + 20 α-SiC 96 17.7 

ZB-BC ZrB2 + 3 B4C 92 12.6 
ZB-ZO ZrB2 + 7 ZrO2 92 3.1 

 
Figure 1 illustrates SEM microstructure of sample 
named ZB-SC densified at 1750 °C under argon gas 
atmosphere.  

Grain size is about 1-10 microns and shape of the 
grain is elongated that improved mechanical 
properties. Porosities distribution in the structure 
signified samples not fully densified. In Figure 2, 
the addition of boron carbide and zirconia in 
zirconium diboride was helped for densification but 
in some region, porosity population in the 
micrographs supports that sample needs higher 
temperature to obtain fully dense structure. 
 

 
 
Fig.1. SEM microstructures of the ZB-SC 
composite. 
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Fig.2. SEM microstructures of the; (a, b) ZB-ZO and (c, d) ZB-BC composites 
 
 

The densification of ZrB2 with SiC addition has 
been investigated intensively in the literature where 
SiC was added from 5 and 30 vol% into ZrB2 as a 
sintering aid leads to improve fracture toughness. 
Typically, ZrB2–SiC ceramic composites require at 
least 1900 °C and 20 MPa or higher pressure to 
have dense materials. Fahrenholtz et al.[3] proposed 
that  ZrB2 was densified with  20 vol% SiC by hot 
pressing at condition of 1900 °C and 32 MPa, 
which was reached 99.7 % relative density and 24 
GPa hardness value. However, this study shows 
that   96 % relative density and 17.7 GPa hardness 
value were successfully obtained at 1750 °C by 
pressureless sintering. 
 
 
Conclusions 
Commercial powders of SiC, B4C and ZrO2 were 
introduced in the zirconium diboride synthesized by 
gel methods to diminish sintering temperature and 
improve mechanical properties. It was found that 
addition of SiC (20 vol%) into ZrB2 exhibit better 
performance compared with B4C and ZrO2 in terms 
of sintering conditions at 1750 °C for pressureless 
sintering. 
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