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A Study on Optimum Spark Plasma Sintering Conditions  
for Conductive SiC–ZrB2 Composites  

 
 

Jung-Hoon Lee*, Jin-Young Ju**, Cheol-Ho Kim* and Yong-Deok Shin†  
 

Abstract – Conductive SiC–ZrB2 composites were produced by subjecting a 40:60 (vol%) mixture of 
zirconium diboride (ZrB2) powder and β-silicon carbide (SiC) matrix to spark plasma sintering (SPS). 
Sintering was carried out for 5 min in an argon atmosphere at a uniaxial pressure and temperature of 50 
MPa and 1500 °C, respectively. The composite sintered at a heating speed of 25 °C/min and an on/off 
pulse sequence of 12:2 was denoted as SZ12L. Composites SZ12H, SZ48H, and SZ10H were obtained 
by sintering at a heating speed of 100 °C/min and at on/off pulse sequences of 12:2, 48:8, and 10:9, 
respectively. The physical, electrical, and mechanical properties of the SiC–ZrB2 composites were 
examined and thermal image analysis of the composites was performed. The apparent porosities of 
SZ12L, SZ12H, SZ48H, and SZ10H were 13.35%, 0.60%, 12.28%, and 9.75%, respectively. At room 
temperature, SZ12L had the lowest flexural strength (286.90 MPa), whereas SZ12H had the highest 
flexural strength (1011.34 MPa). Between room temperature and 500 °C, the SiC–ZrB2 composites 
had a positive temperature coefficient of resistance (PTCR) and linear V-I characteristics. SZ12H had 
the lowest PTCR and highest electrical resistivity among all the composites. The optimum SPS 
conditions for the production of energy-friendly SiC–ZrB2 composites are as follows: 1) an argon 
atmosphere, 2) a constant pressure of 50 MPa throughout the sintering process, 3) an on/off pulse 
sequence of 12:2 (pulse duration: 2.78 ms), and 4) a final sintering temperature of 1500 °C at a speed 
of 100 °C/min and sintering for 5 min at 1500 °C.  

 
Keywords: Spark plasma sintering (SPS), Heating speed, Positive temperature coefficient of 
resistance (PTCR), V-I characteristics, Energy-friendly composite, Ohmic-contact electrode material  

 
 
 

1. Introduction 
 
Zirconium diboride (ZrB2), a transition metal boride, is 

an AlB2-type compound with a hexagonal close-packed 
crystal structure having an alternating MBMBMB 
sequence (M: metal atom; B: graphite-like boron). In this 
type of structure, strong boron–boron and metal–boron 
covalent bonds are present, as well as distinctive bonds that 
have the characteristics of metallic bonds. Owing to these 
strong covalent bonds, ZrB2 has a high melting temperature 
(3050–3250 °C), low theoretical density (6.09 Mg/m3), 
high hardness (23 GPa), and high strength (500–565 MPa). 
The metallic bonds present in this compound also 
contribute to increasing electrical conductivity (107–108 
S/m) and thermal conductivity (60–120 W/mK) of the 
compound. Densification of ZrB2 powder generally 
requires extremely high temperatures (>2100 °C) and 
external pressures because of the covalent bonding and 
slow self-diffusivity. On the other hand, heating ZrB2 in air 

affords scales composed of ZrO2 and B2O3; this scale 
formation leads to significant degradation of the 
mechanical properties of ZrB2 [1]–[4]. 

SiC–ZrB2 ceramics with the appropriate composition are 
known to have better strength and oxidation resistance than 
monolithic ZrB2 [5]. A study on several ZrB2-based 
ceramics revealed that ZrB2 containing 30 vol% SiC had 
the highest strength, fracture toughness, and oxidation 
resistance among all the ceramics tested [6]. The addition 
of SiC particles enhanced the oxidation resistance of ZrB2 
by promoting the formation of a protective borosilicate 
glass layer [7]. 

The electrical resistivity of SiC is considered as negative 
temperature coefficient resistance (NTCR) below 1000 °C. 
This causes increases in temperature and uncontrollable 
electrical current in SiC[8], resulting in overheating. 
However, the addition of SiC to ZrB2 results in the 
formation of a SiC–ZrB2 composite with high electrical 
conductivity, superior oxidation resistance, and high 
mechanical strength. These properties make SiC–ZrB2 
composites suitable conductive materials and Ohmic-
contact electrode materials able to function satisfactorily at 
both high and low temperatures [9]–[12]. 

Compared to hot pressing, spark plasma sintering (SPS) 
helps the surface of the molecular particle to access easier 
activation with the clarification of its surface. In addition, 
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high-speed diffusion, efficient heating, and fast sintering 
transformation can be achieved by SPS. High energy 
density can be supplied to the powder as well, which 
results in the production of high-quality sintered compacts 
within a short period of time even at low temperatures. 
Moreover, various types of sintered compacts such as 
metal–ceramic compacts can be produced because SPS 
facilitates sintering over a wide range of temperatures and 
pressures. The microstructures of the sintered particles can 
also be controlled well and grain growth can be prevented. 
Despite the similarity, the two techniques have a main 
difference. In SPS, an electric field is applied to the upper 
and lower electrodes; powders can therefore be sintered by 
direct heating [13]–[15]. However, the density of the 
sintered compacts obtained by SPS has not yet been 
determined, thus limiting the conduct of systematic 
examinations [16], [17]. 

In the current study, the optimal conditions for SPS of a 
conductive ceramic SiC–ZrB2 composite in an argon 
atmosphere were determined. The densification, mecha- 
nical, electrical, and thermal properties of the obtained 
SiC–ZrB2 composites were also evaluated by conducting 
apparent density and flexural strength measurements, field-
emission scanning electron microscopy (FE-SEM) studies, 
thermal image analysis, V-I measurements, and electrical 
resistivity measurements. On the basis of the obtained 
results, the feasibility of using these SiC–ZrB2 composites 
as energy-friendly ceramic heater materials or Ohmic-
contact electrode materials was determined. Finally, the 
optimal SPS parameters for the manufacture of conductive 
ceramic SiC–ZrB2 composites in an argon atmosphere 
were identified.  

 
 

2. Experimental Procedure 
 

2.1 Powder Preparation 
 
High-purity β-SiC (H. C. Starck, Germany, Grade BF12) 

and ZrB2 (H. C. Starck, Germany, Grade B) were used as 
starting materials. A 60:40 (vol%) mixture of β-SiC and 
ZrB2 was added to distilled water (~500 mL) in a 
polyurethane bowl (volume: 1583.4 mL). 

The mixture was subjected to planetary ball milling for 
24 h. The ball mill contained two high-purity SiC balls (10 
mm Φ, 20 mm Φ) with 1:5 ratio of the number of SiC balls. 
Subsequently, the powder was dehydrated for 12 h at 
100 °C. Finally, the dehydrated material was sieved 
through a 60-mesh screen. 

 
2.2 Sintering Process 

 
The dried powder was placed in a graphite die (inner 

diameter: 15 mm Φ) enclosed with a graphite foil and 
sintered using a Dr. Sinter SPS-515S apparatus (Sumitomo 
Coal Mining Co. Ltd., Tokyo, Japan) under the following 

conditions: sintering temperature, 1500 °C; argon 
atmosphere; and uniaxial pressure: 50 MPa. The powder 
was heated at a speed of 25 or 100 °C/min up to the final 
sintering temperature of 1500 °C and maintained at this 
temperature for 5 min. A pressure of 50 MPa was applied 
throughout the process. The on/off pulse sequences were 
12:2, 48:8, and 10:9 (pulse duration: 2.78 ms). After the 
sintering process was complete, pressure was released and 
the electrical current supply was cut off. The final SiC–
ZrB2 composites comprised particles with a diameter of 
approximately 15 mm and a thickness of 5 mm. The 
sintered composites were classified according to their 
sintering conditions (Table 1). 

 
Table 1. SiC–ZrB2 composites 

            Name
Sintering  
conditions 

SZ12L SZ12H SZ48H SZ10H 

Heating speed 
[°C/min] 25 100 100 100 

Pulse type 12:2 12:2 48:8 10:9 

 

2.3 Evaluation of Physical Properties  
 
Theoretical densities of the SiC–ZrB2 composites were 

calculated on the basis of the rule of mixture (3.217 g/cm3 
for β-SiC, 6.085 g/cm3 for ZrB2). The sintered SiC–ZrB2 
composites were maintained at 900 °C for 5 min to ensure 
that the graphite present was burned out. Subsequently, the 
apparent density of each SiC–ZrB2 composite specimen 
was measured 10 times by employing the Archimedes 
method. The microstructures of a fracture surface tested by 
flexural strength were observed through FE-SEM (S-4800, 
Hitachi, Japan). The final SiC–ZrB2 composites (sintered 
compacts) were ground with a diamond wheel and shaped 
into disks. The disks were machined to obtain composite 
bars with dimensions of 1.0 × 0.7 × 10 mm3. The bars were 
polished by using 1 μm diamond paste and beveled at 45° 
for mechanical testing (ASTM F394-78). The three-point 
flexural strength of each sintered compact was measured 
five to six times at room temperature using a material test 
apparatus (Instron, Model 4204, USA). The test conditions 
were as follows: outer span, 10 mm; inner span, 8 mm; and 
crosshead speed, 0.07 mm/min. The sintered compacts 
were cut by wire electrical discharge machining (WEDM), 
(Genspark 340, Taiwan) to produce specimens for 
electrical resistivity measurements. The electrical 
resistivity of each specimen processed by WEDM was 
measured 200 times by the Pauw method. During the 
measurements, the temperature was increased from room 
temperature to 500 °C [18]. The V-I characteristics of the 
specimens naturally appeared. Lastly, a thermal image 
camera (TVS-100E, Nippon Avionics Co. Ltd., Japan) was 
used to record images at four random points on each 
specimen. 
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3. Experimental Results and Discussion 
 

3.1 Apparent Density 
 
The theoretical density of the sintered SiC–ZrB2 

composites (SZ12L, SZ12H, SZ48H, and SZ10H), as 
influenced by changes in the heating speed and pulse ratio, 
was calculated to be 4.36 g/cm3 by the rule of mixture. The 
apparent densities of SZ12L, SZ12H, SZ48H, and SZ10H 
were 3.78, 4.34, 3.83, and 3.94 g/cm3, respectively, as 
measured by the Archimedes method. In Fig. 1, the 
apparent density of SZ12H was close to the theoretical 
density, and the apparent porosity of this specimen was the 
smallest (0.60%) among the four specimens. This 
confirmed that the densification of SZ12H was the best 
among the sintered composites. The relative densities of 
SZ12L, SZ12H, SZ48H, and SZ10H were 86.65%, 99.40%, 
87.72%, and 90.25%, respectively. 

The densification of SZ12H was more effective than that 
of SZ12L because the apparent density of the former (4.34 
g/cm3) was higher than that of the latter (3.78 g/cm3). 
Given the sintering features of the Dr. Sinter SPS-515S 
apparatus, the applied pulse voltage is expected to be 
automatically coincident with the selected heating speed. 
Although the pulse ratios for SZ12H and SZ12L were the 
same, a higher pulse voltage had to be applied to SZ12H 
because the heating speed for this specimen had to be 
higher than that for SZ12L by 75 °C/min. As a result, 
electrical discharge plasmas were frequently produced 
between the powder particles. An increase in diffusion 
speed and degree of sintering deformation was also 
observed. A highly densified SZ12H composite was 
obtained within a short time because of the above- 
mentioned phenomena. 

The heating speeds for SZ12H, SZ48H, and SZ10H 
were the same (100 °C /min), while the pulse ratios were 
12:2, 48:8, and 10:9, respectively. In Fig. 1, the apparent 
densities of SZ12H, SZ48H, and SZ10H were 4.34, 3.83, 
and 3.94 g/cm3, respectively. The SZ12H composite, whose 
pulse ratio was 12:2, was the most densified among the 
specimens. The apparent densities of SZ48H and SZ10H 

were lower than the density of SZ12H. The decrease in 
electrical discharge plasma because of the longer off pulse 
time for SZ48H and SZ10H compared with that for SZ12H 
accounts for the difference. 

Table 2 shows the mass and volume variations of the 
SiC–ZrB2 composites before and after sintering. The 
symbols ▼ and ▲ indicate the post-sintering decrease and 
increase in the variations respectively. After sintering, the 
mass variations of SZ12L and SZ12H decreased by 
2.0279% and 3.1430%, respectively; the mass variation of 
SZ12H decreased but was higher than that of SZ12L. Eqs. 
(1)–(5) in Table 3 [19], [20] indicate the formation of a 
borosilicate glass layer and the occurrence of an oxidation 
reaction after the specific sintering process by electrical 
discharge plasma [7]. The results suggest that when 
sintering of the SiC–ZrB2 composites is carried out in an 
argon atmosphere, a small amount of SiC is always 
oxidized to SiO2.  

 
Table 2. Mass and volume variations of SiC–ZrB2 com- 

posites before and after sintering  

Specimen Mass before 
sintering [g] 

Mass after  
sintering [g] 

Mass variation 
[%] 

SZ12L 3.8562 3.778 ▼ 2.0279 
SZ12H 3.8562 3.735 ▼ 3.1430 
SZ48H 3.8562 3.767 ▼ 2.3132 
SZ10H 3.8562 3.771 ▼ 2.2094 

Specimen Volume before 
sintering [cm3]

Volume after 
sintering [cm3] 

Volume variation 
[%] 

SZ12L 0.8836 0.955 ▲ 8.0806 
SZ12H 0.8836 0.861 ▼ 2.5577 
SZ48H 0.8836 0.958 ▲ 8.4201 
SZ10H 0.8836 0.948 ▲ 7.2884 

 
Table 3. Reactions 

Equation Number Reaction Equations 

1 2 2 2 2 3

2

4 ( ) ( ) ( )
( ) ( )

ZrB SiC O g ZrO s B O g
SiO g CO g

+ + → +

+ +  
2 2 2

3 ( , ) ( )
2

SiC O SiO s l CO g+ = +

 
3 )()(

2
5

32222 lOBsZrOOZrB +=+
 

4 2 2( ) ( )SiO CO SiO g CO g+ = +  
5 2 3 2 3( ) ( )B O l B O g=  

 
A higher pulse voltage had to be applied to SZ12H 

rather than SZ12L because the heating speed in the former 
composite was 75 °C/min higher than that in the latter. 
Electrical discharge plasmas were thus frequently produced 
between the SZ12H particles, and the oxidation reaction of 
SZ12H produced more than SZ12L. Therefore, the volume 
variation of SZ12H decreased significantly with a decrease 
in mass variation. 

 
3.2 Mechanical Properties 

 
The flexural strengths of SiC and ZrB2 single crystals 

 

Fig. 1. Density of the SiC–ZrB2 composites 
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without porosity are in the range of 350–500 MPa and 
512–618 MPa, respectively. Reference flexural strengths of 
SZ12L, SZ12H, SZ48H, and SZ10H are calculated using 
the rule of mixture and are in the range of 290–526 MPa 
[21], [22]. The measured flexural strengths of SZ12L, 
SZ48H, and SZ10H are close to their reference flexural 
strengths, whereas the flexural strength of SZ12H (1011.34 
MPa) is remarkably higher than its reference value at room 
temperature. In literature, the flexural strength of a given 
ceramic is related to grain growth, which in turn is 
sensitive to heat. Thus, when the microstructure of the 
ceramic becomes coarse and phase-shaped upon annealing, 
the fracture toughness of the ceramic increases while the 
flexural strength decreases [23]–[25]. However, with the 
second phase composition and proper annealing, the 
ceramic microstructure becomes more stable, and thus, 
reduction in the flexural strength is prevented.  

The factor that affects the mechanical strength of 
ceramic composites is σ (= σ0exp(-kα), where σ0 is the 
flexural strength of a defect-free material; α, is the residual 
porosity; and k is a constant) [26]. Therefore, the flexural 
strength of a ceramic composite is strongly dependent on 
the porosity. However, accurate estimation of the porosity 
is difficult because of the effect of grain growth, formation 
of phase-shaped, grain boundaries upon annealing, and 
debonding by the combination of the liquid phase. 

 

 
Fig. 2. Three-point flexural strength of the SiC–ZrB2 

composites 
 
The flexural strength (Fig. 2) of the ceramic composites 

is inversely proportional to the porosity of the ceramic (Fig. 
1), i.e., the flexural strength decreases with the increase in 
porosity, and vice-versa. Therefore, as the flexural strength 
of the SiC–ZrB2 composites increases, the densification 
increases. The internal temperature of the SiC–ZrB2 
composites increases locally by thermal diffusion through 
Joule’s heat and SPS due to the microelectrical discharge 
related to the neck formation of particles. In addition, the 
internal temperature of the composites increases during 
SPS because of the large current-induced electric field 
diffusion. The internal temperature of the sintered SZ12H 
increases and eventually approaches the eutectic 
temperature of SiC–ZrB2 composites (2270 °C) [27].  

Although the chemical compositions of SZ12L, SZ48H, 
and SZ10H are within the eutectic composition range, their 
flexural strengths are low. In these ceramics, grain growth 
is prevented by the presence of eutectic liquids and 
debonding occurs at the grain boundaries because of the 
high porosity (Fig. 3).  

 

   
        (a) SZ12L               (b) SZ12H 

 

   
(c) SZ48H              (d) SZ10H 

Fig. 3. FE-SEM images of the fracture surfaces of SiC–
ZrB2 composites  

 
3.3 Electrical Properties 
 
The electrical resistivity of SiC single crystals at room 

temperature is approximately 0.13 Ω·cm. However, when 
the temperature is increased to 250 °C, the resistivity 
decreases to 0.1 Ω·cm because of the NTCR; with a further 
increase in temperature to 900 °C, the resistivity increases 
to approximately 0.16 Ω·cm because of the positive 
temperature coefficient of resistance (PTCR). The 
electrical resistivity of polycrystalline SiC is in the 0.1–0.3 
Ω·cm range at room temperature. However, when the 
temperature increases to 800 °C, the resistivity decreases to 
one-third of the abovementioned value because of the 
NTCR; above 800 °C, the resistivity increases gradually 
because of the PTCR. This difference in the behavior of 
single-crystal and polycrystalline SiC results from the 
differences in grain size and number of boundaries. 
Polycrystalline SiC grains are smaller than SiC single 
crystals and polycrystalline SiC has a greater number of 
grain boundaries than single-crystal SiC. Consequently, the 
grains in polycrystalline SiC grow in size as the sintering 
temperature increases up to 800 °C, causing the electrical 
resistivity to decrease [28]. The electrical conduction in the 
case of polycrystalline SiC has been explained on the basis 
of a band model as having electric potential barriers at the 
grain boundaries. Electrical conduction has been stated to 
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go over the electric potential barriers because of the high 
thermal excitation at high temperature, whereas it passes 
through the electric potential barriers by the tunnel and 
bulk conduction at low temperature [28]. 

 

 
Fig. 4 Temperature dependence of the electrical resistivity 

of the SiC–ZrB2 composites 
 
Fig. 4 shows the electrical resistivities determined by the 

Pauw method for room temperature, 100 °C, 300 °C, and 
500 °C. The average electrical resistivity observed at each 
temperature is shown in this figure. The electrical 
resistivities of SZ12L, SZ12H, SZ48H, and SZ10H at room 
temperature are 7.13 × 10-4, 9.37 × 10-4, 7.47 × 10-4, and 
7.21 × 10-4 Ω·cm, respectively, while the resistivities at 
500 °C are 1.92 × 10-3, 2.35 × 10-3, 2.04 × 10-3, 1.95 × 10-3 
Ω·cm, respectively. The electrical conductivity of a 
transition metal boride such as ZrB2 is markedly higher 
than the electrical resistivity of SiC, which is a 
semiconductor. Therefore, if the amount of ZrB2 added to 
SiC is more than 40 vol%, the electrical resistivity of the 
latter would depend on the formation of chains of ZrB2 
grains, which have good electrical conductivity. The 
electrical resistivities of SZ12L, SZ12H, SZ48H, and 
SZ10H are in the range of 7.13 × 10-4 to 9.37 × 10-4 Ω·cm. 
The electrical resistivity of SZ12H is relatively higher than 
that of the other SiC–ZrB2 composites because the frequent 
generation of spark plasma under the high pulse voltage 
causes the aforementioned ZrB2 chains to break.  

The electrical resistivities at room temperature (7.13 × 
10-4 to 9.37 × 10-4 Ω·cm) are beyond the range specified in 
the effective medium theory of R. Landauer (1.49 × 10-4 to 
4.49 × 10-4 Ω·cm) [29], [30]. The electrical resistivity of 
ZrB2 (1.5×10-5 to 4.5 × 10-5 Ω·cm) is lower than that of SiC 
(0.1–1.8 Ω·cm) by a factor of approximately 10-5. 
Therefore, if the amount of transition metal compound 
added to SiC is greater than 40 vol%, the effective medium 
theory does not hold true, and the electrical resistivity 
would depend on the formation of ZrB2 chains, which have 
good electrical conductivity. 

The temperature coefficients of resistance of the SiC–
ZrB2 composites shown in Fig. 5 were calculated to be 3.53 
× 10-5/°C using the rule of mixture. The experimental 

values were measured by the Pauw method. The 
temperature coefficients of resistance of the composites are 
within the (3.17–3.64) × 10-3/°C range. This indicates that 
all the composites had a PTCR, and confirms that the 
experimentally measured temperature coefficients of 
resistance are higher than those estimated on the basis of 
the rule of mixture. SZ12H had the lowest PTCR among all 
the composites considered in this study because the ZrB2 
chains were broken by the frequent occurrence of spark 
plasmas under the high applied pulse voltage.  

 
3.4 V-I and Thermal Properties 

 
In Fig. 6, the declinations of V-I characteristics of SZ12L, 

SZ12H, SZ48H, and SZ10H were 3.39 × 10-2, 4.34 × 10-2, 
3.56 × 10-2, and 3.42 × 10-2 at room temperature, and 9.18 
× 10-2, 1.09 × 10-1, 9.73 × 10-2, and 9.24 × 10-2 at 500 °C, 
respectively. This reconfirms that the PTCR and V-I 
characteristics of the SiC–ZrB2 composites are linear 
because the slope of the V-I plot increased with temperature. 
Thus, because of their excellent mechanical and electrical 

Fig. 5. Temperature coefficient of resistance of the SiC–
ZrB2 composites 

 

 

  
         (a) SZ12L                (b) SZ12H 

 

   
           (c) SZ48H                (d) SZ10H 

Fig. 6. V-I characteristics of the SiC–ZrB2 composites 
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properties, SiC–ZrB2 composites can be used as resistivity 
heater materials or Ohmic-contact electrode materials. The 
changes observed in the slopes of the V-I plots for SZ12L, 
SZ12H, SZ48H, and SZ10H were in the range of 0.006–
0.167, 0.038–0.117, 0.006–0.177, and 0.006–0.169, 
respectively, when the temperature was increased from 
room temperature to 500 °C. Among the four specimens, 
SZ12H is the most suitable for use in resistivity heaters and 
Ohmic-contact electrodes because of its high degree of 
densification and excellent mechanical and electrical 
properties. 

As shown in Fig. 7 and Table 4, 3A was applied to the 
SiC–ZrB2 composites with a PTCR. Thermal images were 

recorded after 1 min at four randomly selected points on 
each specimen. A thermal image camera was used. The 
average temperatures of SZ12L, SZ12H, SZ48H, and 
SZ10H increased by 1.86, 12.19, 3.42 and 1.77 °C, 
respectively, because the SiC–ZrB2 composites were 
resistive heaters, and hence, dependent on the electrical 
resistivity. 

 
 

4. Conclusions 
 
SiC–ZrB2 composites, i.e., sintered compacts composed 

of β-SiC and ZrB2 [60:40 (vol%)], were prepared by SPS 
and the electrical and mechanical properties were evaluated. 
The following results were obtained:  

 
(1) The apparent porosity of the sintered compacts, i.e., 

SZ12L, SZ12H, SZ48H, and SZ10H, were 13.35%, 
0.60%, 12.28%, and 9.75%, respectively. The relative 
density of SZ12H was the highest (99.40%) while that of 
SZ12L was the lowest (86.65%). 

(2) The flexural strengths of the SiC–ZrB2 composites 
were in good agreement with the relative densities, as 
reconfirmed from the SEM images showing the 
porosity in the fracture surfaces of the composites. The 
flexural strength of SZ12L was the lowest (290.54 
MPa) while that of SZ12H was the highest (1011.34 
MPa). Hence, SZ12H had the best mechanical 
properties among all the composites studied. 

(3) Between room temperature and 500 °C, the temperature 
coefficients of resistance of SZ12L, SZ12H, SZ48H, and 
SZ10H were in the range of 3.17–3.64 × 10-3/°C, 

 

       
      SZ12L at start             SZ12L after 60 s 

 

      
      SZ12H at start             SZ12H after 60 s 

 

      
      SZ48H at start             SZ48H after 60 s  

 

      
      SZ10H at start            SZ10H after 60 s 

Fig. 7. Thermal images of the SiC–ZrB2 composites 

Table 4. Point temperature of the SiC–ZrB2 composites 

Specimen SZ12L SZ12H 
                  Time (s) 
  Point [°C] Start 60 Start 60 

P1 24.18 25.87 27.91 39.22
P2 24.08 25.87 27.82 41.06
P3 24.18 25.87 27.82 39.25
P4 24.08 26.34 27.73 40.40

Average of point [°C] 24.13 25.99 27.82 40.01
Standard deviation 0.05 0.20 0.06 0.76 
Average increase in 

temperature [°C] 1.86 12.19 

Specimen SZ48H SZ10H 
                  Time (s) 

 Point [°C] Start 60 Start 60 

P1 23.80 26.99 24.18 25.87
P2 23.80 27.54 24.18 25.97
P3 23.70 26.99 24.27 25.59
P4 23.89 27.36 23.89 26.15

Average of point [°C] 23.80 27.22 24.13 25.90
Standard deviation 0.07 0.24 0.14 0.20 
Average increase in 

temperature [°C] 3.42 1.77 
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confirming that all the composites had a PTCR. The 
electrical resistivities of SZ12L, SZ12H, SZ48H, and 
SZ10H were 7.13 × 10-4, 9.37 × 10-4, 7.47 × 10-4, and 
7.21 × 10-4 Ω·cm, respectively, at room temperature. 
SZ12H had the lowest temperature coefficient of resistance 
but the highest electrical resistivity among the 
composites.  

(4) The declinations of V-I characteristics of SiC–ZrB2 
composites were a linear shape, and the increase in the 
average temperature of the composites (as determined 
from thermal images) was in accordance with the 
electrical resistivity. The SiC–ZrB2 composites are 
dependent on electrical resistivity because they are 
resistive heaters. 

(5) The SiC–ZrB2 composites produced in this study can be 
used as energy-friendly heater materials and Ohmic-
contact electrode materials because of their excellent 
mechanical and electrical properties. The favorable 
mechanical properties result from the high degree of 
densification, while the electrical properties are due to 
the PTCR and linear V-I characteristics. SiC–ZrB2 
composites with optimum electrical and mechanical 
properties can be obtained under the following SPS 
conditions: 1) an argon atmosphere, 2) a pressure of 50 
MPa throughout the sintering process, 3) heating speed 
of 100 °C/min up to the final sintering temperature of 
1,500 °C and sintering at 1,500 °C for 5 min, and 4) an 
on/off pulse sequence of 12:2 (pulse duration: 2.78 ms). 
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