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Abstract: In this study, the effects of  sintering conditions on the structural and mechanical properties of  spark plasma sintered 
ZrB2-based composites were investigated in detail. In addition, to observe the impact of  the binder, the binder was used in some 
materials. Thus, the effects of  binder on the properties of  composites while preparing ceramic slurry were tested. The effects of  
the sintering conditions of  the materials prepared at different temperatures and stages on the composites were examined in detail. 
The densities, phase developments, microstructure analyses and mechanical properties of  the composites were determined by the 
Archimedes principle, X-Ray Diffraction, Scanning Electron Microscopy, and three-point bending test, respectively.  It was found 
that the samples sintered in double-stage and containing binder exhibited a denser microstructure. Similarly, it was observed that 
the mechanical properties were improved by using both double-stage sintering and binder.
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allow it to reach an acceptable level of thermal stress, and 
reduce its density. Carbon fiber is an exciting candidate 
for this role because of its thermodynamic compatibility, 
high specific strength and hardness with ZrB2-SiC below 
3000 K, and high-temperature resistance above 2000 K 
[2].

Compared to conventional methods, the Spark Plasma 
Sintering (SPS) technique makes it possible to sinter 
ZrB2-SiC composites at lower temperatures and in shorter 
times. In the SPS technique, while a direct current is ap-
plied to the powder-filled graphite die, a uniaxial pressure 
is applied to the die simultaneously. Thus, grain growth 
can be prevented thanks to the fast heating rate, and a 
denser microstructure can be achieved. In addition, the 
microstructure can be kept under control with the help of 
faster heating rates and shorter processing times [3].

Hu et al. reported the mechanical properties of carbon 
fiber reinforced SiC-ZrB2 composites produced by infil-
tration, pre-infiltration and pyrolysis (PIP) methods us-
ing slurry prepared from polycarbosilane (PCS)/ZrB2/
divinyl benzene (DVB) [4]. This study found that carbon 
fiber increased fracture toughness and ZrB2 matrix im-
proved flexural strength above 1800°C.  

Asl investigated the effects of sintering conditions of SiC 
particles and chopped carbon fibers on the microstruc-

1. Introduction
Zirconium diboride (ZrB2) is a preferred material for use 
on the sharp surfaces of hypersonic aircraft. Due to its 
high melting point, ZrB2 is used in parts such as engine 
hood inlets, wing front edges, and nose cavities that must 
withstand temperatures of 1900-2500°C. SiC is a prom-
ising material in engineering applications requiring high 
temperatures due to its excellent mechanical properties at 
high temperatures, high thermal conductivity, high cor-
rosion, and wear resistance. However, application fields of 
SiC remain limited due to its low fracture toughness. To 
overcome the low fracture toughness of SiC ceramics, fi-
ber is added to the SiC matrix [1]. It has been proven that 
adding SiC to ZrB2 increases its oxidation resistance and 
limits diboride grain growth [2]. 

Although the ZrB2–SiC material has been developed, its 
use has many problems in large-scale applications. First, 
parts with complex shapes and high density are difficult 
to shape, fabricate and sinter due to their strong cova-
lent bonds. Carbon is used as an additive to improve the 
thermal tensile strength of the ZrB2-SiC system. How-
ever, the low fracture toughness and low thermal shock 
resistance properties still need to be improved. Therefore, 
the use of a fiber reinforcement phase can be exploited to 
increase the fracture toughness of the ZrB2-SiC material, 
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ture and mechanical properties of ZrB2-based composites. 
Asl reported that the sintering temperature was the most 
influential factor in hardness. In addition, the optimum 
production conditions were determined as 1850°C tem-
perature, 6 minutes waiting time and 30 MPa pressure [5].

Balak et al. used Taguchi L32 experimental design to opti-
mize the flexural strength of ZrB2-based composites pre-
pared with SPS. As a result of this study concluded that 
the most critical effect on flexural strength was related to 
temperature, SiC and carbon fiber, respectively [6].

Karimirad et al. investigated the effects of short carbon 
fibers on the sinterability, flexural strength, fracture 
toughness and thermal shock resistance of spark plasma 
sintered ZrB2-SiC composites. They found that the ad-
dition of short carbon fibers to the ZrB2 – 30 vol.% SiC 
composite results in lower hardness, lower relative densi-
ty, poor sinterability and increased volume percentage of 
open porosity [7]. 

This study focused on investigating the effects of sintering 
temperature, sintering step and binder use on the struc-
tural and mechanical properties of carbon fiber reinforced 
ZrB2-SiC ceramic matrix composites. As far as we know, 
there is no other study in the literature investigating these 
three parameters simultaneously. In addition, the way the 
prepared slurry is applied to the carbon fiber fabric is one 
of the original values of the study.

2. Materials and Method
2.1. Preparation of ceramic slurry 
The first step for the fabrication of composite materials is 
the preparation of ceramic slurries. In this study, ceramic 
slurries with 20 wt.% solids were prepared. The precursor 
powders used while preparing the slurry are alpha-SiC 
(Alpha Aesar, 2 microns, 99.8% purity) and ZrB2 (H.C. 
Starck, Grade A). In addition, polyethyleneimine (PEI) 
was used as a dispersant and polyvinyl butyral (PVB) was 
used as a binder. Ethanol was used as the liquid medium. 
The SiC ratio in these powders was 20%wt. Moreover, the 
effects of binders were examined while preparing some 
materials. These materials are from now on referred to as 

Set 1.

Ceramic slurries were prepared using separate plastic bot-
tles for each sample. Starting materials were added to the 
plastic bottles indicated in Table 1. Si3N4 balls were placed 
in each bottle to obtain a more homogeneous mixture and 
the slurries were mixed for 24 hours in a ball mill. The 
amount of slurry prepared for each composite is approx-
imately 50 ml. 

After the ceramic slurry was prepared, this slurry was im-
pregnated with carbon fiber fabrics. Firstly, carbon fiber 
fabrics were cut in a circular shape, arranged in a single 
layer, and pour the slurry on them. Circular fabrics had 
a diameter of 4 cm. 24 layers of carbon fiber fabrics were 
used for each sample. Circular fabrics were left in an oven 
for 24 hours to evaporate the alcohol and dried complete-
ly.

2.2. Sintering of materials with the spark 
plasma method (SPS)
Graphite dies with a diameter of 40 mm were used in 
Spark Plasma Sintering (SPS). First, the graphite die’s lat-
eral, upper and lower surfaces were covered with graph-
ite foil. Then, the fabrics were placed in a graphite die. In 
this study, some samples were subjected to single-stage 
and double-stage sintering processes, and these processes’ 
effects were discussed. The applied pressure, maximum 
temperature and dwell time in the single-stage sintering 
process were expressed as P1, T1 and t1, respectively. In 

Figure 1. Images of composite materials obtained after the sintering 
process.

Table 1. Materials used in ceramic slurry 

Sample Liquid Medium Ceramic Powders Dispersant Binder

Set 1 Ethanol Alpha-SiC and ZrB
2

PEI (~0,2 g) PVB (0,1 g)
  
Table 2. Sintering parameters of the composites 

Sample Pressure (P1) Temperature (T1) Dwell Time (t1) Pressure (P2) Temperature (T2) Dwell Time (t2)

Set1-1900-10min 50 MPa 1900 ºC 10 min - - -

Set1-1950-10min 50 MPa 1950 ºC 10 min - - -

Set1-2000-10min 50 MPa 2000 ºC 10 min - - -

Set1-1900-double-10min 30 MPa 1600 ºC 5 min 50 MPa 1900 ºC 10 min

Set1-1900-double-10min-PVB 30 MPa 1600 ºC 5 min 50 MPa 1900 ºC 10 min
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double-stage sintering, the first pressure, temperature and 
dwell time are P1, T1 and t1, respectively, and then the ap-
plied pressure, maximum temperature and dwell time in 
the second stage are indicated as P2, T2 and t2, respective-
ly. Table 2 shows the sintering parameters of samples with 
different compositions. Some of the samples obtained af-
ter sintering are shown in Figure 1. The diameter of the 
samples obtained after the sintering process was 4 cm and 
their thickness was approximately 3.5 mm. 

Figure 2 shows the SPS curves of the composites. Set-1 
samples were subjected to two different sintering pro-
cesses as single-stage and double-stage sintering.  In sin-
gle-stage sintering, the applied pressure was chosen as 50 
MPa, the heating rate was 100 oC/min, and the dwell time 
was 10 minutes. To determine the most suitable sintering 
temperature of the samples with the same composition, 
experiments were carried out at three different tempera-
tures, 1900 oC, 1950 oC and 2000 oC. As seen from the 
sintering curves, sintering could not be fully realized at all 
three temperatures. Due to the incomplete sintering, sin-
tering was carried out for two samples with and without 
binder additives having the same composition. This time, 

double-stage sintering was applied instead of single-stage 
sintering. When the single stage sintering graphs were ex-
amined, it was decided to perform double-stage sintering 
by waiting at 1600 ℃ due to the change in the relative 
piston travel observed at approximately this tempetature. 
The reason for this is to observe whether there will be an 
increase in density with double-stage sintering compared 
to single-stage sintering.

 When the sintering graphs of these samples were exam-
ined, it was seen that the sample had started to sinter but a 
fully sintered structure could not be obtained because the 
temperature and/or time were insufficient. 

After the sintering process, the surface of the samples 
was removed from the graphite foil. Samples were kept in 
the oven for a while and the moisture in the samples was 
removed. Dry weights of the moisture-removed samples 
were measured and recorded. Then, for density measure-
ments, the samples were taken into separate beakers and 
boiled in distilled water for 120 minutes, and wet and air 
weights were measured using the Archimedes kit. Densi-
ty calculations were made according to these values. Then 

Figure 2. SPS curves of Set-1 samples.
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the samples were cut into suitable sizes for mechanical 
tests, microstructure and phase analysis.

3. Results and Discussions
3.1. Density analysis
The Archimedes method calculated the produced com-
posites’ densities and open porosity values with the fol-
lowing equations [8].

					   
 (1)

	  (2)

Here, d is the composite density, W1, W2 and W3 are air, 
wet and dry weights, respectively. The results obtained 
from the density calculations are given in Table 3. 

When the results of the density analyzes of Set-1 samples 
were examined, it was observed that the density values 
of the samples increased as the sintering temperature in-
creased in the samples with single-stage sintering, as ex-
pected. When the single and double-stage sintered sam-
ples were compared, it was seen that the density values 
of the samples sintered in single and double stages at the 
same time were quite close to each other. When the sam-
ples with and without binder added were compared with 
each other, it was seen that the highest density value be-
longed to the sample subjected to a double-stage sintering 
process at 1900 oC and to which binder (PVB) was added. 

3.2. Phase development
The X-Ray Diffraction (XRD) method was performed for 
phase analysis of the composites. Rigaku Miniflex XRD 
machine was used for these analyses. Firstly, XRD anal-
yses were performed to determine any impurities in the 
starting powders: alpha-SiC and ZrB2. Figure 3 shows the 
XRD patterns of these powders. No secondary phase was 
found in the XRD patterns of the starting powders.

XRD patterns of Set-1 samples were given in Figure 4. 
The sample content is carbon fiber fabric, ZrB2 and SiC 
powders. These phases were found in the structure. Due 
to the carbon fiber fabric and the graphite die used during 
sintering, it was seen that carbon and graphite phases were 
also included in the structure. Finally, in addition to these 
phases, the ZrC phase was also found in the structure. 
This ZrC phase was also encountered in another study 
[9], and it was reported that this was due to the reaction 
between covering the ZrB2 particles ZrO2 and C, accord-
ing to the following reaction:

ZrO2 + 3C = ZrC + 2CO 		   (3)
The formation of these phases has also been revealed in 
previously reported studies [10-13]. 

3.3. Microstructure analysis
Scanning electron microscopy (SEM) images of Set-1 
samples are shown in Figure 5. 

When the microstructures of Set-1 samples were exam-
ined, it was seen that the composite (Set1-1900-double-

Figure 3. XRD patterns of (a) alpha-SiC and (b) ZrB2 powders,respectively.

Table 3. Density and open porosity values 

Sample W1 (g) W2 (g) W3 (g) Density (g/cm³) O.P (%)

Set1-1900-10min 3,408 7,0286 6,4951 1,7939 14,74

Set1-1950-10min 3,126 6,321 5,9605 1,8656 11,28

Set1-2000-10min 3,2953 6,5375 6,0898 1,8783 13,81

Set1-1900-double-10min 3,1518 6,5679 6,1335 1,7955 12,72

Set1-1900-double-10min-PVB 5,2399 9,0005 8,6905 2,3109 8,24
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10min-PVB) produced with a slurry-containing binder 
had the densest structure. This result is also consistent 
with the density analyses determined by Archimedes’ 
principle, as mentioned in the previous section. It is 
thought that the reason is that the binder (PVB) stabi-
lized the viscosity of the slurry [14].

As can be seen from the microstructures of composites, it 
is seen that the densification is higher in composites con-
taining binder (PVB). However, as can be seen from the 

images, it was also observed that a homogeneous density 
could not be obtained throughout the entire structure 
and the ceramic particles were not fully homogeneously 
distributed between the fibers. Moreover, despite dense 
regions in places, there is still regional porosity between 
the fibers. 

3.4. Mechanical properties
The mechanical properties of the composites were investi-
gated using the three-point bending test. Instron 5581 de-
vice was used for this test. Measurements were carried out 
at room temperature. The dimensions of the test specimen 
were approximately 3 mm x 4 mm x 25 mm. The applied 
force was 2 kN with a span of 20 mm and a cross-head 
speed of 0.5 mm/min. Three-point bending test results of 
Set-1 composites are shown in Table 4.

Compared to similar studies, the mechanical results of our 
samples were found to be approximately two to one-third 
lower than the results reported in the literature [15-16]. It 
is thought that this is due to the inability to obtain a dense 
structure throughout the entire composite, as clearly de-
termined from both density analyses and microstructure 
images, due to insufficient sintering temperature or time. 

Hu et al. reported a decrease in flexural strength and 

Figure 5. SEM images of Set-1 samples.

Figure 4. XRD patterns of Set1-samples.
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modulus with increasing the amount of ZrB2 in the struc-
ture. In the same study, it is stated that the presence of 
carbon fiber contributes to both flexural strength and 
elastic modulus. Carbon fiber significantly increases flex-
ural strength, which provides excellent thermal shock re-
sistance under ultra-high temperature conditions, while 
increasing the reliability ratio of composite materials, 
enabling the production of thicker and more complex ma-
terials [4].

4. Conclusions
In this study, composites were fabricated under differ-
ent sintering conditions using alpha-SiC, ZrB2 starting 
powders and carbon fiber fabric, and the effects of these 
conditions on density, microstructure, phase analysis and 
mechanical properties were investigated. In addition, the 
impact of using binders in producing some materials was 
characterized. If the results obtained are summarized;

•	 The highest density was reached in Set1-1900-double-
10min-PVB composite, which was sintered in double 
stages and contained a binder. It is thought that the 
double-stage sintering process has a positive effect on 
the densification mechanism.

•	 Consistent with the results obtained from the density 
analyses, it was also found that the samples sintered in 
double-stage and containing binder exhibited a dens-
er microstructure.

•	 It was determined that the material with the best 
mechanical properties was Set1-1900-double-10min-
PVB. It is thought that using PVB as a binder in this 
material improves mechanical properties. 
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