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Abstract 
Ultra-high temperature ceramics (UHTCs) are most recently getting much 
attention for structural parts of hypersonic missiles with their cruising speed 
of more than Mach 5. Most of the UHTCs are poor sinterability carbides, ni-
trides, and borides. Therefore, they have been studied and developed for a 
long time. However, there are still many problems to solve. In this paper, 
based on the solid-state reaction presented as an equation of (x + y)·ZrC + 
2·y·B → x·ZrC + y·ZrB2 + y·C, three-phase ZrC/ZrB2/C composites have been 
fabricated from ZrC and amorphous B powders using pulsed electric-current 
pressure sintering at 1373 to 2173 K for 6.0 × 102 s under 50 MPa in a vacuum. 
ZrC/ZrB2/C = 30/70/C~70/30/C vol% composites with the relative densities 
Dr of 96.6 to 98.7% were obtained at 2073 K. The 60/40/C vol% composite 
revealed high bending strength σb (554 MPa), Vickers hardness Hv (19.2 GPa) 
and moderate fracture toughness KIC (5.25 MPa·m1/2) at room temperature. 
Furthermore, all composites showed elastic deformation up to 1873 K and 
revealed σb more than 600 MPa at this temperature, in addition, some com-
posites showed higher σb than 900 MPa at the same temperature. These high 
mechanical behaviors are discussed with those of the simple binary ZrC/ZrB2 
composites which were fabricated under the same conditions except for their 
starting materials. The best mechanical properties of binary composites were 
σb (474 MPa), Hv (18.5 GPa), and KIC (4.45 MPa·m1/2) at room temperature, 
and σb of 400 - 700 MPa at 1873 K. Overall, three-phase composites, never-
theless including soft carbon, have higher mechanical properties than the bi-
nary composites. 
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Mechanical Properties 

 

1. Introduction 

Among the many kinds of engineering ceramics, ultra-high temperature ceram-
ics (UHTCs) are materials with a high melting point Tm above 3273 K, and they 
have been studied and developed as structural parts working in oxidizing at-
mospheres at high temperatures above 2273 K [1]. Most UHTCs are carbides 
[2], nitrides [3], and borides [4] of early transition metals and rare earth. Strong 
covalent bonding between metal and C, N, and B is responsible for the high 
hardness, Young’s modulus, and Tm. Unfortunately, monolithic UHTCs have 
many technical problems, such as poor oxidation resistance of carbides, the high 
level of difficulty in the sustainable use of mineral resources of boride HfB2 
which brings extreme high cost, and brittleness with a fracture toughness KIC of 
3.5 - 4.2 MPa·m1/2 of ZrB2 [5]. Then, an approach to producing composites has 
been considered to improve not only mechanical properties but also the densifi-
cation and oxidation resistance of ZrB2 ceramics [6]. An additive commonly 
used in the past for the production of ZrB2-based composites was silicon carbide, 
SiC, with a Tm = 3003 K [7] [8] and now another covalent carbide, boron carbide 
(B4C), has received much interest from material science and engineering re-
searchers. B4C is the third hardest material (Vickers hardness Hv = 33.5 GPa) af-
ter diamond (Hv = 75 - 100 GPa) and cubic boron nitride c-BN (Hv = 45 GPa). 
Recently, the present authors [9] fabricated B4C/ZrB2 composites using 
self-propagating high-temperature synthesis (SHS) [10] and pulsed elec-
tric-current pressure sintering (PECPS) [11] at 2173 K for 6.0 × 102 s under 50 
MPa in a vacuum simultaneously and evaluated their mechanical properties at 
both room temperature R.T. and elevated temperatures up to 2023 K in an inert 
atmosphere. The obtained B4C/ZrB2 = 40/60 - 60/40 vol% composites with rela-
tive densities Dr (≥99.5%) revealed a high bending strength σb (≥640 MPa) from 
R.T. to 1873 K; the maximum value of 803.5 MPa was observed for the 60 vol% 
B4C composite at 1873 K.  

To improve the high-temperature σb much more, other additives have been 
studied based on the idea that the additive should be a Zr compound, which 
should have a higher Tm than B4C (Tm: 2724 K), along with the role of sintering 
aids. Then, ZrC was selected because its Tm is 3533 K. However, the mixed 
powder compacts consisting of high-temperature refractory substances were 
considered to show poor sinterability. Furthermore, only a few reports described 
the fabrication of simple binary-system ZrC/ZrB2 composites. In 2007, Tsuchida 
et al. [12] reported a series of ZrC/ZrB2 composites concerning the powder 
preparation using mechanical activation-assisted SHS (MA-SHS), and the mate-
rials sintered by spark plasma sintering (SPS) [13], i.e., PECPS, at 2073 K for 
3.0 - 6.0 × 102 s under 40 MPa in a vacuum. They evaluated the mechanical 
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properties of ZrC/ZrB2 composites at R.T., which were started from the mixtures 
of Zr/B/C = 4/2/3 to 6/10/1 molar ratio elemental powders; i.e., they were pre-
sented as chemical compound ratios, such as (ZrC/ZrB2 = 3/1 - 1/5 molar ratios). 
Those authors reported that the highest Hv of 17.8 GPa and KIC of 4.8 MPa·m1/2 
were attained at ZrC/ZrB2 = 1/1 and 1/2 molar ratios, respectively. On the other 
hand, Neuman et al. [14] produced dense bullets of 9.5 vol%ZrC - 0.1 vol%C - 
90.4 vol%ZrB2 by hot-pressing at 2173 K and reported their σb and KIC at am-
bient temperature to 2573 K; σb and KIC were (695 MPa, 4.8 MPa·m1/2) at am-
bient temperature, (300 MPa, 3.4 - 4.5 MPa·m1/2) at 1673 - 1873 K, and (345 
MPa, 3.6 MPa·m1/2) at 2073 - 2173 K. 

In the present study, we tried to prepare dense ZrC/ZrB2-based composites 
from the mixed powders of ZrC and amorphous B by utilizing PECPS. Thus, fa-
bricated three-phase ZrC/ZrB2/C composites revealed high σb more than 600 
MPa at 1873 K. In addition, some composites showed higher σb than 900 MPa at 
the same temperature. The present paper describes the relationship between 
their mechanical properties and compositions in comparison with those of sim-
ple binary ZrC/ZrB2 composites sintered under the same conditions except for 
the starting materials of Zr, B, and ZrC.  

2. Experimental Procedure 
2.1. Preparation of Composites 

The fabrication procedure of ZrC/ZrB2/C composites is as follows. The starting 
powders were ZrC (Japan New Metals, Osaka, Japan; average particle size Ps of 
ϕ2.0 μm, purity of 98.5%, theoretical density Dx of 6.634 Mg·m−3 (Powder Dif-
fraction File, PDF: #35-0784) and amorphous B (H.C. Starck, Goslar, Germany; 
grade I, Ps of ϕ0.2 μm, purity ≥ 95%, Dx of 1.73 Mg·m−3 [15]). ZrC and amorph-
ous B powders were weighted into the desired ratios to fabricate ZrC/ZrB2/C 
composites with the compositions of (24.97 - 64.44) vol% ZrC/(58.27 - 27.62) 
vol% ZrB2/(16.76 - 7.94) vol% C; in other words, the main components of 
ZrC/ZrB2 = 30/70~70/30 vol%, as shown in Table 1. They were synthesized by 
solid state reaction presented by the following Equation (1): 

( ) 2ZrC 2 B ZrC ZrB Cx y y x y y+ ⋅ + ⋅ → ⋅ + ⋅ + ⋅               (1) 

Here, it should be noted that the compositions in Table 1 are displayed in 
vol% because when we discuss the mechanical properties of composites, their 
components should be presented in vol%. Therefore, “mol” in Equation (1) is 
transformed into “vol” in Table 1. For example, in order to fabricate ZrC/ZrB2 = 
50/50 vol% composite, x = 3.214 and y = 2.706 are calculated based on the values 
of dDx(ZrC) = 6.634, Dx(ZrB2) = 6.104 (PDF: #34-0423), and Dx(C) = 2.26 
Mg·m−3 (PDF: #19-178)] and their molecular weights. 

The ZrC and B mixed powders were dispersed into ethanol by an ultrasonic 
vibrating homogenizer with a 300 W output power at a frequency of 20 kHz 
(US-300T, Nihon Seiki, Tokyo, Japan) for 1.80 × 103 s. The obtained slurries  
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Table 1. Bulk, theoretical, and relative densities of ZrC/ZrB2/C composites. 

Composition Bulk density 
Theoretical  

density+ 
Relative  
density 

ZrC (vol%) ZrB2 (vol%) C (vol%) Dobs (Mg·m−3) Dx (Mg·m−3) Dr (%) 

30* (24.97)# 70* (58.27)# -* (16.76)# 5.40 5.592 96.6 

40* (34.11)# 60* (51.17)# -* (14.72)# 5.60 5.719 97.9 

50* (43.71)# 50* (43.71)# -* (12.57)# 5.75 5.853 98.2 

60* (53.81)# 40* (35.87)# -* (10.32)# 5.96 6.041 98.7 

70* (64.44)# 30* (27.62)# -* (7.94)# 6.03 6.140 98.2 

+: calculated using Dx(ZrC) = 6.634 Mg·m−3 (PDF:#35-784), Dx(ZrB2) = 6.104 Mg·m−3 
(PDF:#34-423) and Dx(C) = 2.26 Mg·m−3. *: vol% presented as ZrC/ZrB2 ratio. #: vol% 
presented as ZrC/ZrB2/C ratio.  
 
were dried at room temperature in air, after a small amount of Acrylic/PVA 3 
mass % solution was added as a binder to the dried dispersed powders, and 
mixed using an alumina mortar and pestle for 1.80 × 103 s. The mixtures were 
uniaxially compacted into a disk with a 20 mm diameter and a ~7 mm thickness 
at 75 MPa, and then cold isostatically pressed (CIP) at 245 MPa for 1.80 × 102 s.  

The CIPed dense green compact, corresponding to ZrC/ZrB2 = 50/50 vol%, 
with a bulk green density Dbulk(g) of 3.15 - 3.16 Mg·m−3 estimated from the vo-
lume and weight, was wrapped with a hexagonal BN powder (Ps: f3 µm) and put 
into a cylinder mold (inner diameter ϕ22 mm, outer diameter ϕ42 mm, height 
30 mm) with two cylindrical plungers (diameter ϕ21.5 mm and height 30 mm) 
made of high-density graphite. The powder compacts were densified by PECPS 
(SPS-5104A, SPS SYNTEX, Yokohama, Japan) at various temperatures (1273 - 
2173 K) under a uniaxial pressure of 50 MPa for 6.0 × 102 s in a vacuum (~50 
Pa) with a heating rate of 1.666 K·s−1d applying DC pulsed electric current 
(on/off interval = 12:2). Above 873 K, the heating temperature was monitored at 
the center position of the outside wall of the carbon mold by a monochrome py-
rometer. Since this powder compact sintered at 2073 K archived the highest rela-
tive density Dr of 98.2% (details of this result will be discussed later), the powder 
compacts with the various ZrC/ZrB2 compositions (i.e., 30/70-70/30 vol%, Table 
1) were sintered at 2073 K/50MPa/6 × 102s/vacuum under the same conditions 
described above. 

Furthermore, to investigate the effects of carbon included in the composites 
on their mechanical properties, simple binary ZrC/ZrB2 composites without C 
were also fabricated using PECPS of the mixed powders of Zr, B, and ZrC. Their 
powder characteristics were as follows: Zr (Kojundo Chemical Laboratory, Sai-
tama, Japan; Ps of ϕ10 µm, purity of 98%, Dx of 6.505 Mg·m−3 (PDF: #5-0665) de-
livered in immersed, fine amorphous B (H.C. Starck; grade I, Ps of ϕ0.03 μm, 
purity ≥ 95%, Dx of 1.73 Mg·m−3) and the same ZrC powder as mentioned above. 
Here, a very fine amorphous active B powder was adopted so as to react with 
large Zr powder. The desired mixed powders, aiming at final compositions with 
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ZrC/ZrB2 = 40/60, 50/50, 60/40, 70/30 vol%, were compacted and sintered under 
the same conditions as the ZrC/ZrB2/C composites.   

2.2. Characterization 

Phase identification of powders and composites was made by X-ray diffraction 
(XRD; Smartlab, Rigaku, Tokyo, Japan) analysis using CuKα radiation (a wave-
length of 0.15418 nm). The bulk density Dbulk of dense materials was measured 
by Archimedes’ method, and relative density Dr was estimated based on theo-
retical density Dx (Mg·m−3) which was calculated using the values of 6.634 for 
ZrC, 6.104 for ZrB2, and 2.26 for C. Microstructural observation using a 
field-emission-type scanning electron microscope (FE-SEM; SU8020, Hitachi 
High-Technologies, Tokyo, Japan) equipped with an energy-dispersive X-ray 
spectroscope (EDS, JED-2300/F, JEOL, Tokyo, Japan) was performed. After 
phase identification, test bars for mechanical-property measurements were cut 
from the sintered materials with a diamond cutting blade and then their upper 
and lower surfaces were polished to mirror surfaces with a diamond paste (no-
minal Ps: ϕ1 - 3 μm); the other two sides were grinded with a diamond abrasive 
tool containing #400 grid-pass diamond particles.  

2.3. Evaluation of Mechanical Properties 

At room temperature, various mechanical properties of composites were meas-
ured: three-point bending strength σb was evaluated with a crosshead speed of 
8.33 × 10−6 m·s−1 and an 8.0 mm span length using WC jigs. Vickers hardness Hv 
and fracture toughness KIC were estimated with an applied load of 196 N for 15 s 
for the former and the indentation fracture method (IF) with Niihara’s equation 
[16] for the latter. 

On the other hand, high-temperature bending strength σb of ZrC/ZrB2/C 
composites was measured from 1273 to 2023 K in Ar using an AG-X Plus auto-
graph (Shimadzu, Kyoto, Japan) at the National Institute for Materials (NIMS), 
Tsukuba, Ibaraki, Japan. Samples were heated at a rate of 0.5 K·s−1 by tungsten 
heater elements. After the predetermined temperature was reached, three-point 
bending tests were carried out (a span length of 10.0 mm, a crosshead speed of 
8.33 × 10−6 m·s−1) by using a B4C jig. During this test, a set of load displacements 
was measured to evaluate the stress-strain (σ - ε) curves as a function of testing 
temperature. 

3. Results and Discussion 
3.1. Simultaneous Synthesis and Densification of  

ZrC/ZrB2/C Composites  

Hereafter, we sometimes denote the composite as the final composition, e.g., 
ZrC/ZrB2/C = 43.71/43.71/12.5 7vol% = 50/50/C vol%, “50Zr-C”, here, we add 
“-C” in order to distinguish between three-phase ZrC/ZrB2/C and binary-phase 
ZrC/ZrB2 composites. As described in 2. Experimental procedure, a CIP-ed 
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sample corresponding to 50ZrC-C was utilized to investigate the effects of 
PECPS temperature on the formation and densification of materials. The bulk 
density of the cylindrical green powder compacts [Dbulk(g)] was about 3.15 - 3.16 
Mg·m−3, and its relative density [Dr(g)] was estimated to be 67.6% - 67.7%; these 
values were calculated using the theoretical density [Dx(g)] of 4.656 Mg·m−3 ob-
tained from the Dx values of 6.634 Mg·m−3 of ZrC and 1.73 Mg·m−3 of B.  

In order to investigate the crystalline phase change during PECPS, the ZrC/B 
mixed powder compacts were sintered at various temperatures from 1273 K to 
2173 K for 6.0 × 102 s in a vacuum (~50 Pa) and many corresponding test pieces 
were prepared. XRD patterns of sintered samples with Si powder as an internal 
standard which had been added to determine their lattice parameters precisely 
are shown in Figure 1, in addition to that of the starting mixture. At a glance, it 
is difficult to recognize the formation of ZrB2 at 1273 K. However, in the XRD 
patterns measured at 1373 K, a small diffraction peak of the ZrB2 phase is ob-
served around 2θ = 42˚ and there are only two phases: ZrC (PDF: #35-0784) and 
ZrB2 (PDF: #34-0423) up to 2173 K; graphite C and B4C phases are not recog-
nized, which might be due to a much smaller diffraction peak compared with 
those of Zr-based compounds. The formation of graphite C is confirmed by the 
SEM-EDX observation, which will be described later.  

A precise Rietveld analysis was performed on these XRD patterns; the crystal-
lite sizes (Xs) of ZrC and ZrB2, and the lattice parameters a of cubic ZrC, a and c 
of hexagonal ZrB2 phases in the materials obtained at room temperature to 2173 
K were investigated. Table 2 shows their results: as far as Xs is concerned, the 
particle size Ps of ZrC of starting material was around ϕ2.0 µm, however, its Xs 
was around f100 nm, indicating starting ZrC was a polycrystal powder. Each 
ZrC particle was attacked by amorphous active B particles around 1273 K, then 
the contact area on the surface of ZrC changed into a very small ZrB2 (Xs ~f2.0  
 

 
Figure 1. XRD patterns of mixed powder (ZrC/B) samples heated at various temperatures 
using PECPS, corresponding to ZrC/ZrB2/C = 50/50/C vol%.  
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Table 2. Crystalline phase information about the products obtained at various PECPS 
temperatures.  

Crystalline phases & 
crystallite size (nm) 

Lattice parameter 
of ZrC 

Lattice parameters 
of ZrB2 

Sample ZrC ZrB2 a (nm) a (nm) c (nm) 

mixture 100.0 (121) 
 

0.46896 
  

1000˚C 37.3 (16) 1.9 (6) 0.46945 0.3137 0.3523 

1100˚C 66.1 (139) 14.5 (12) 0.46946 0.3170 0.3510 

1300˚C 64.7 (127) 29.6 (11) 0.46919 0.3170 0.35319 

1500˚C 48.4 (49) 34.1 (5) 0.46865 0.3170 0.35313 

1700˚C 55.6 (20) 44.2 (15) 0.46919 0.3174 0.35425 

1800˚C 58.1 (10) 55.4 (14) 0.46882 0.3173 0.35337 

1900˚C 55.7 (7) 46.9 (14) 0.46844 0.3170 0.35331 

*Si was used as an external standard. ZrC (PDF#35-0784), cubic: a = 0.46930 nm, ZrB2 
(PDF: #34-423), hexagonal: a = 0.316870, c = 0.353002 nm.  
 
nm) + C. The Xs of ZrB2 grew gradually from f2.0 nm at 1273 K to f47 nm at 
2173 K. On the other hand, the Xs of ZrC decreased gradually from ϕ100 nm 
(R.T.) to f56 nm (2173 K), as it had been eroded by active B. As the lattice para-
meters of both ZrC and ZrB2 were almost constant and agreed with the reported 
PDF data, they did not form a solid solution during active PECPS, as reported in 
an equilibrium phase diagram of ZrC-ZrB2 [17]. 

The microstructures of the composites fabricated at various temperatures 
were observed and their bulk densities were measured. Figure 2 shows SEM 
photographs of the samples sintered at 1373 K to 2173 K for 6.0·102 s. Their Dr 
values are also inserted into the SEM photographs. Between 1373 K and 1773 K, 
the microstructures changed little: mainly large f2.0 µm ZrC and fine f0.2 µm B 
particles are recognized with nearly the same Dr of 62%. This value is smaller 
than that (67.6% - 67.7%) of the starting powder compact. The difference must 
be due to the crystalline phase change from (ZrC/B) to (ZrC/ZrB2/C), followed 
by the changes in Dx (4.656 Mg·m−3) and Dx (5.853 Mg·m−3) for the former and 
the latter, respectively. However, from 1973 K the sample begins to be densified 
into 77.2%. At 2023 K, the SEM photograph of the composite indicates a change 
in microstructural morphology: relatively finer grains agglomerated with each 
other instead of remaining isolated particles, suggesting the dynamic reconstruc-
tive reaction of (ZrC + 2·B → ZrB2 + C) and resulting in the formation of ZrB2 
accompanied by much higher densification around 87%. When the composite 
was heated to 2073 K, sintering reached the final stage with a Dr of 98.2%, and 
grain growth to several microns was observed. Upon further heating to 2173 K, 
the Dr value was the same, suggesting almost the completion of densification at 
2073 K, and the grain sizes (Gs) of ZrC and ZrB2 were also unchanged. Here, the 
volume change from the mixture of ZrC and B to the composite of ZrC/ZrB2/C  
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Figure 2. SEM photographs of the fractured surfaces of ZrC/ZrB2/C = 50(43.71)/50(43.71)/(12.57) vol% composites fabricated 
at various temperatures using pulsed electric-current pressure sintering (PECPS).  

 
was considered. In the case of the composition of ZrC/ZrB2/C = 50/50/C vol%, a 
volume change ratio DV/Vo, here, DV is a volume change after phase change, Vo 
is a starting volume, is about - 2.02%, which is calculated from the values of 
Dx(ZrC) = 6.634, Dx(amorphous B) = 1.73, Dx(ZrB2) = 6.104, and Dx(C) = 1.26 
Mg·m−3. This DV/Vo = −2.02% means that it is difficult to crush up or densify 
the ZrC/ZrB2/C composite up to the theoretical density by an ordinal uniaxial 
pressure of 50 MPa during PECPS. Hereafter, based on these results, all compo-
sites were sintered at 2073 K. The microstructures of ZrC/ZrB2/C composites fa-
bricated at 2073 K were then observed. Figure 3 upper stand shows SEM photo-
graphs of their fractured surfaces, and Dr values are also presented. The Dr 
reaches the top value of 98.7% around the 60ZrC-C composite, i.e., ZrC/ZrB2/C = 
60(53.81)/40(35.87)/(10.32) vol% as shown in Table 1.  

Here we have to mention the fabrication of simple binary ZrC/ZrB2 as abbre-
viated as 40ZrC to 70ZrC composites. The XRD patterns of materials sintered at 
2073K showed that the composites consisted of only two components of ZrC 
and ZrB2, indicating that the solid-state reaction between Zr and B was com-
pleted at 2073 K. The 40ZrC-70ZrC composites showed Dr values higher than 
99.9%; their SEM photographs are displayed in Figure 4. Both 50ZrC and 60ZrC 
composites show full densified microstructures with well-developed grains. If we 
compare the 99.9% value with the Dr of ZrC/ZrB2/C composites, this difference 
might be explained in terms of the lower melting point Tm of Zr than ZrC: i.e., 
Tm (Zr) = 2128 K is 1405 K lower than Tm (ZrC) = 3533 K, nevertheless, there is 
much higher volume reduction, DV/Vo, i.e., the DV/Vo values are estimated to 
be from −20.66% (40 vol%ZrC) to −11.52% (70 vol%ZrC). Therefore, these high  
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Figure 3. SEM photographs for the fracture surfaces of ZrC/ZrB2/C = 30/70/C, 40/60/C and 60/40/C vol% composites at 297 K 
and 1873 K in Ar.  

 

 
Figure 4. SEM photographs for the fracture surfaces of ZrC/ZrB2 composites 
fabricated at 2073 K. Here, “40ZrC” means ZrC/ZrB2 = 40/60 vol% composite.  

 
densities might be achieved by plastic deformation of soft Zr at only 55 K lower 
temperature than Tm (Zr) = 2128 K during PECPS. 

3.2. Mechanical Properties of Two-Phase and Three-Phase  
Composite at R.T. and High-Temperatures 

Then, the mechanical properties of ZrC/ZrB2/C composites, such as three-point 
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bending strength σb, Vickers hardness Hv, and fracture toughness KIC, were 
measured at room temperature. Figure 5 displays these properties as a function 
of ZrC volume content vs. ZrB2. The σb increases from 460 (30ZrC-C) to 555 
MPa (60ZrC-C) and decreases gradually to 510 MPa (70 volZrC-C). The Hv val-
ues start from 13.2 to 19.2 GPa around 60ZrC-C and then pitch downward to 
13.4 GPa. The KIC takes also a constant value of 5.0 ± 0.25 MPa·m1/2. It should be 
noted that all the highest values of σb and Hv are attained at 60ZrC-C composite. 
In general, the strength of inorganic composites depends much on their compo-
sition, relative density, grain and pore sizes, and distribution, and even on the 
preparation process. On the other hand, the hardness Hv of a composite obeys 
the mixing rule that Hv (composite) is the summation of Hv from each compo-
nent. As each component’s Hv values of ZrC and ZrB2 are 25.48 and 21.56 GPa, 
respectively [18], Hv of ZrC/ZrB2/C composite could increase with increasing 
ZrC content. However, in the present composites, Hv (70 vol% ZrC-C) decreases 
rapidly from 19.2 to 13.4 GPa. This might be explained in terms of 1) grain 
growth from f2~3 µm to f3~4 µm and 2) a small decrease in relative density 
from 98.7% (60ZrC-C) to 98.2% (70ZrC-C) and; these factors are strongly re-
lated to the reduction in the Hv value. The KIC depends on the microstructure, 
especially grain size Gs of composites having the same composition and density. 
These factors might explain why the 60ZrC-C composite has the highest KIC 
value among ZrC-C composites. Furthermore, in order to study the effect of 
graphite addition, the mechanical properties of binary ZrC/ZrB2 composites 
were measured as a counterpart. Table 3 1) and 2) present their properties at 
room and high temperatures, respectively. As a whole, σb, Hv, and KIC at R.T., 
i.e., the highest values of σb (474 MPa), Hv (18.5 GPa), and KIC (4.45 MPa·m1/2),  
 

 
Figure 5. Mechanical properties, bending strength σb, Vickers hardness Hv and fracture 
toughness KIC of ZrC/ZrB2/C composites at room temperature as a function of ZrC con-
tent (vol%) vs. ZrB2.  
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Table 3. Mechanical properties of ZrC/ZrB2 composites at (a) room temperature and (b) 
high-temperatures. 

(a) 

Composition at 293 K 

ZrC (vol%) σb Hv (GPa) KIC (MPa·m1/2) 

40 420 18.1 4.09 

50 474 18.5 4.11 

60 355 17.8 4.45 

70 347 14.7 3.96 

(b) 

Composition Three-point bending strength σb (MPa) at 

ZrC (vol%) 1273 K 1473 K 1673 K 1873 K 2023 K 

40 383 401 561 701 435 

50 485 443 423 520 407 

60 445 466 561 416 534 

70 550 526 595 272 622 

 
are not so high as compared with those for ZrC-C composites in Figure 5. Based 
on common sense about the mechanical properties of composites, as graphite 
has low σb, Hv, and KIC, three-phase composites should have lower mechanical 
properties. However, the experimental results show the opposite. This could be 
explained by the differences in preparation routes, as follows: 

1) As the binary composites (ZrC/ZrB2) were prepared from the mixture of 
(Zr, B, ZrC), the binding force between ZrB2 and ZrC grains might be weak, be-
cause a strong solid-state reaction could be introduced only between Zr and B, 
forming ZrB2 grains.  

2) On the contrary, in the three-phase composites (ZrC/ZrB2/C), the binding 
force between ZrB2 and ZrC through their interface/grain boundary should be 
strong because ZrB2 grains were formed from ZrC by attacking B particles and 
separated from ZrC during PECPS. Nevertheless, there exist soft C grains among 
them. 

Next, we address the main purpose of the present study: to evaluate 
high-temperature σb and toughness. Figure 6 shows σb of all ZrC-C composites 
as a function of measurement temperatures from 1273 to 2023 K. The σb values 
previously reported on the simple ZrC/ZrB2 = 10/90 vol% composite [14] are also 
plotted as a reference. Overall, it is clear that the σb values at 1273 K of all ZrC-C 
composites are higher than those at ambient temperature, and at 1873 K some 
composites reveal the highest σb values in a series of compositions, i.e., the 30 and 
60ZrC-C composites showed σb of 922 and 962 MPa, respectively. These values are 
much higher than that (301 MPa) reported previously [13], and our previous 
high-temperature σb value (803.5 MPa) attained for B4C/ZrB2 = 60/40 vol% 
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Figure 6. Bending strength σb of ZrC/ZrB2/C composites at various temperatures in Ar.  
 
composites [9]. 

Among many ultra-high temperature ceramics (UHTC), such as boride, car-
bides, and nitrides, there is little information on three-point σb above 900 MPa at 
1873 K. In addition, only a few reports [12] [14] describe the fabrication 
processes and mechanical properties of simple ZrC/ZB2 composites at both 
room and elevated temperatures. However, no detailed study has been published 
up to now. 

Many points of view have been taken to explain why 60ZrC-C composite 
shows such high sb. After much consideration, it might be explained mainly in 
three ways. First, the high content of ZrC (60 vol% vs. ZrB2), of which Tm (3533 
K) [18] and Young’s modulus E (500 GPa) [18] are 220 K and 152 GPa higher 
than those (Tm: 3313 K, E: 348 GPa) of ZrB2 [18], respectively; these two factors 
have much influence on strength. Second, the binding force between ZrC and 
ZrB2 grains must be strong, as mentioned before. In addition, the dislocation 
could form at the interface between cubic ZrC and hexagonal ZrB2 grains. Of 
course, the latter originates from the ZrC-B contact area. This dislocation, espe-
cially edge dislocation, might play an important role in high-temperature 
strength. Third, the 60ZrC-C composite consists of smaller grains, in addition to 
relatively high Dr (98.7%), as shown in Figure 7. 

On the other hand, it is difficult to explain why the 30ZrC-C composite re-
vealed a high σb (922 MPa) at 1873 K. One reason might be a large amount of 
graphite (as shown in Table 1) at the grain boundary between carbide and bo-
ride. This graphite can connect the grains of ZrC and ZrB2 strongly, with the in-
verse temperature dependence of the strength of graphite C: the higher the tem-
perature, the higher the strength. Another reason is their smaller Gs, irrespective 
of the lower Dr. Therefore, the best composition for the three-phase composites 
could be determined by the balance among the interface area of ZrC/ZrB2, the  
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Figure 7. Stress-strain (σ - ε) curves of all composites measured at (a) 293 K, (b) 1873 K, and (c) 2023 K. And (d) σ - ε curves of 
60ZrC-C at various temperatures. 

 
content of ZrC, and the amount of graphite C and its distribution. 

Here, we evaluated the high-temperature σb of binary ZrC/ZrB2 composites 
and compared them with those of three-phase ZrC/ZrB2/C composites. The σb 
values, as shown in Table 3(b), are lower than expected. Of course, these simple 
composites revealed elastic deformation up to 1873 K and plastic deformation at 
2023 K, the same as ZrC/ZrB2/C composites, the latter of which will be de-
scribed. These phenomena could support the additional effect of graphite super-
ficially. At first, it was considered that if graphite is contained in the composites, 
their mechanical properties will be reduced by soft graphite. However, when we 
compared these mechanical properties at room and high temperatures, we found 
that graphite addition can bring good mechanical properties.  

For a two-phase composite, the best composition is 40ZrC. This suggests that 
the mechanical properties might much depend on the ZrB2 content; because 1) 
the difference in the thermal expansion coefficient a between ZrC (7.06 × 10−6 
K−1) [18] and ZrB2 (6.98 × 10−6 K−1) [18] is small; and 2) the binding force be-
tween base ZrB2 grains could control the mechanical properties of composites, 
then the 40ZrC (60 vol% ZrB2) composite revealed high σb at elevated tempera-
tures. However, the reason why the σb values of both two- and three-phase 
composites tend to drop at 2023 K except for 70ZrC-C composite still remained.  

At this stage, we paid much attention to the fracture modes, i.e., elastic and 
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plastic deformations. The stress-strain (σ - ε) curves of all composites were 
measured at various temperatures. Figure 7 displays representative σ - ε curves 
measured at (a) 293, (b) 1873, and (c) 2023 K. In (a) and (b), all σ - ε curves ex-
hibit elastic deformation. However, in (c) composites fractured after plastic de-
formation. From a practical viewpoint, applicable composites must be used in 
the elastic deformation field. Then it should be noted that the top σb values are 
attained within the elastic deformation field. Figure 7(d) focuses on the 
60ZrC-C composite, which has the highest σb, its σ - ε curves are summarized as 
a parameter of measurement temperatures. It is clear that the fracture mode 
changes from elastic to plastic deformation between 1873 K and 2023 K. The 
microstructural changes in the elastically fractured surfaces of the composites of 
30ZrC-C, 40ZrC-C, and 60vZrC-C at room temperature (297 K) and at high 
temperature (1873 K) were compared. As mentioned before, the upper and low-
er three SEM images in Figure 3 are the rupture cross-sections of these ZrC-C 
composites fractured at 297 K and 1873 K, respectively. We find little change in 
grain size, pore distribution, or dense texture. Furthermore, at the same temper-
ature, i.e., along with the horizontal line, there is no drastic change in micro-
structure among them.  

3.3. The Microstructural Change of Composites at High  
Temperatures 

Next, by focusing on the 60ZrC-C composite, the microstructural change be-
tween elastically fractured at 1873 K and plastically fractured at 2023 K was pre-
cisely compared using SEM+EDS elemental mapping. Here we have to mention 
what we call “carbon contamination in SEM”, which is sometimes caused by the 
oil-vacuum pump system. However, as the present SEM + EDS system adopted a 
rotary + turbo molecular pump system, the vacuum space chamber is almost free 
from carbon contamination. This new concept is widely known and common 
knowledge to many researchers who treat this advanced SEM equipped with a 
“rotary + turbo molecular pump system” as a vacuum pump. The upper images 
in Figure 8 show various SEM photographs of 1873 K- fractured surfaces, such 
as secondary electron image SEM with an elemental concentration distribution, 
SEM + Zr, SEM + C, and SEM + B. The lower images show 2023 K-fractured 
surfaces. Although ZrC and ZrB2 grains are discriminated by dense-colored 
areas, which indicate high concentrations of corresponding elements, it is very 
difficult to find the graphite C among the matrix. In Figure 8, by pointing to C, 
ZrC, and ZrB2 grains, we tried to distinguish microstructures between 1873 K- 
and 2023 K-fractured surfaces, but there was little difference. Therefore, we 
might speculate that plastic deformation, followed by fracture, occurred along 
the hexagonal (001) slip plane of graphite or edge dislocation. And generally 
speaking, based on a sintering temperature of 2073 K, sintered materials might 
begin to deform plastically around 50 - 100 K below the sintering temperature, 
i.e., 2023 K - 1973 K. This phenomenon introduced by plastic deformation un-
der 50 - 100 K below the sintering temperature is often used for densifying  
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Figure 8. Various SEM photographs for the fracture surfaces of 60ZrC-C composites at 1873 K and 2023 K in Ar. 
 

poorly sinterable inorganic material by hot isostatic pressing (HIP). This is based 
on an empirical rule: at these temperatures, inorganic material will deform plas-
tically into dense materials. If the present rule is also applicable to ZrC/ZrB2-based 
composites, the plastic deformation of all composites could be explained.  

4. Conclusions 

Based on a new idea, three-phase UHTC ZrC/ZrB2/C composites consisting of 
carbides and boride were simultaneously synthesized and sintered. Dense (25 - 
64) vol% ZrC/(58 - 28) vol% ZrB2/(17 - 8) vol% C composites with Dr of 96.6% - 
98.7% were fabricated by pulsed electric-current pressure sintering (PECPS) at 
2073 K for 6.0 × 102 s under 50 MPa in a vacuum from the mixed powders of 
ZrC and amorphous B. Samples containing 60 vol% ZrC vs. ZrB2, i.e., 60Zr-C 
composite exhibited the optimized mechanical properties at R.T.: σb of 555 MPa, 
Hv of 19.2 GPa, and KIC of 5.0 MPa·m1/2. Furthermore, this composite showed 
the highest σb value of 962 MPa even at 1823 K. In comparison with σb of bi-
nary-phase ZrC/ZrB2 composites, this extreme high σb was attributed to the fol-
lowing factors: 1) the high content of ZrC (60 vol% vs. ZrB2), 2) the strong 
binding force between ZrC and ZrB2 grains, 3) the relatively high Dr (98.7%), 
and 4) the smaller grain size.  

This study might enhance the research and development of unexplored 
three-phase UHTC composites which are applicable for “No. 7 energy problems 
in SDGs (Sustainable Development Goals)” in the future. 
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