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Abstract: ZrC and ZrB2 are both typical ultra-high temperature ceramics, which can be used in the hyperthermal environment. In this study, a
method for preparing ultrafine ZrC–ZrB2 composite powder was provided, by using the raw materials of nano ZrO2, carbon black, B4C, and
metallic Ca. It is worth pointing out that ZrC–ZrB2 composite powder with any proportion of ZrC to ZrB2 could be synthesized by this method.
Firstly, a mixture of ZrC and C was prepared by carbothermal reduction of ZrO2. By adjusting the addition amount of B4C, ZrC was boronized
by B4C to generate ZrC–ZrB2 composite powder with different compositions. Using this method, five composite powders with different molar
ratios  of  ZrC and ZrB2 (100ZrC,  75ZrC–25ZrB2,  50ZrC–50ZrB2,  25ZrC–75ZrB2,  and 100ZrB2)  were  prepared.  When the  temperature  of
boronization and decarburization process was 1473 K, the particle size of product was only tens of nanometres. Finally, the oxidation charac-
teristics of different composite powders were investigated through oxidation experiments. The oxidation resistance of ZrC–ZrB2 composite
powder continued to increase as the content of ZrB2 increased.
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1. Introduction

ZrC and ZrB2 are all  classified as ultra-high temperature
ceramic due to their high melting points of above 3273 K [1].
Both ZrC and ZrB2 contain strong covalent bonds, but they
belong to different crystal system (Fig. 1(a) and (b)). The lat-
tice  of  ZrC  is  cubic  system  and  has  a  wide  range  of  stoi-
chiometry, wherein C/Zr molar ratio varies from 0.56 to 1.0
[2]. ZrB2 belongs to hexagonal system and has a poor dam-
age tolerance because of its covalent bond and narrow range
of stoichiometry [3]. In addition, the physical parameters of
ZrC and ZrB2 are also different. The specific parameters are
shown in Table 1 [4]. It was concluded that they can coexist
in a large temperature range [5].

Compared  with  single-phase  ceramics,  ZrC–ZrB2 com-
posite  ceramics  have  more  advantages.  The  microstructure
can be optimized through compounding with another phases.
In boride-based composites, ZrC will inhibit abnormal grain
growth [6].  Meanwhile,  the physical properties of the com-
posite material can be adjusted particularly simply by chan-
ging  the  composition.  Eutectic  alloys  were  found  to  reveal
minimal wear, maximal friction, maximal bending, and com-
pressive strengths and minimal hardness when compared to
no eutectic ZrB2–ZrC compositions [5]. Li et al. [7] showed
that the addition of ZrC can improve the plasticity of ZrB2.
Asl et al. [8] pointed out that higher fraction of in-situ syn-
thesized  ZrC  is  an  important  toughening  phase  for  ZrB2-

based ceramics. In addition, it was indicated in many invest-
igations that ZrB2–SiC–ZrC (ZSZ) ternary composite materi-
als have excellent comprehensive performances [9–11]. Ow-
ing  to  the  excellent  performances,  the  potential  uses  of
ZrC–ZrB2 composite ceramics include heat shielding materi-
als [12–14], cutting tools [10,15–17], wear-resistant coatings
[18–21], brazing fillers [22–23], etc.

Due  to  the  excellent  performances  of  ZrC–ZrB2 based
composite  ceramics,  many  methods  have  been  reported  to
synthesize ZrC–ZrB2 composite powder. Li et al. [7] fabric-
ated ZrB2–ZrC composite nanofibers by electrospinning and
carbothermal  reduction.  Bai et  al.  [24]  obtained  ultra-fine
ZrB2–ZrC  composite  powders  by  radiofrequency  thermal
plasma synthesis. Chen et al. [25] reported the preparation of
ZrC–ZrB2 nano-composite  powder  from  sol–gel  method.
Tsuchida and Yamamoto [26] used Zr, B, and C elements to
prepare composite powder via self-propagating high-temper-
ature  synthesis  (SHS).  The  above  methods  can  produce  a
variety  of  ZrC–ZrB2 composite  powders  with  different  mi-
crostructures. However, composite powders of different pro-
portions  cannot  be  conveniently  prepared  using  cheap  raw
materials.  It  is  necessary to develop a method that  can pre-
pare  ultra-fine  ZrC–ZrB2 composite  powders  with  any  pro-
portions for the application of ZrC–ZrB2-based ceramics.

In  our  previous  work,  a  method  for  preparing  ultra-fine
ZrB2 powder  was  proposed  [27].  The  critical  steps  of  that
method are the B4C and melted Ca was used to boronize and 
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the  carbothermal  reduction  product  of  ZrO2,  composed  of
ZrC  and  excessive  C,  was  decarburized.  Therefore,
ZrC–ZrB2 composite  powders  with  different  proportions
might  be obtained by controlling the addition of  B4C using
this  method.  In  this  new work,  this  idea would be verified.
Several composite powders with different molar proportions
(75ZrC–25ZrB2,  50ZrC–50ZrB2,  and  75ZrC–25ZrB2,)  were
trial-produced.  In  addition,  the  oxidation  characteristics  of
composite  powders  with  different  components  have  also
been investigated, because the oxidation resistance of ultra-
high temperature ceramic materials  is  an extremely import-
ant indicator. 

2. Thermodynamic analysis

The  current  method  to  prepare  ZrC–ZrB2 composite
powder includes two high-temperature processes, namely the
carbothermal reduction process (reaction (1)) of ZrO2, as well
as  the  boronization  (reaction  (2))  and  decarburization  pro-
cess (reaction (3)) of ZrC.
ZrO2+3C = ZrC+2CO(g) (1)

ZrC+0.5B4C = ZrB2+1.5C (2)

Ca+2C = CaC2 (3)

G⊖
In order to verify the feasibility of each high-temperature

process, the changes of standard Gibbs free energy (Δ ) of

G⊖

the related reactions were calculated using FactSage7.0 soft-
ware,  as  shown in Fig.  2.  For  carbothermal  reduction reac-
tion of ZrO2, the reaction will proceed spontaneously above
1931 K under standard conditions (pCO = 105 Pa). However,
under actual condition, vacuum or inert gas flow will lead to
a low partial  pressure of CO (pCO < 105 Pa),  which will  re-
duce the critical temperature of carbothermal reaction. From
the calculation results, as pCO decreases from 105 Pa to 10 Pa,
the critical temperature decreases from 1931 to 1331 K. For
the boronization and decarburization reactions, the values of
their Δ  are negative in a large temperature range, and thus
the  reactions  can  proceed  spontaneously.  In  summary,  the
current  method  for  the  preparation  of  ZrC–ZrB2 composite
powder is possible from the viewpoint of thermodynamics.
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Fig. 2.    Changes of the standard Gibbs free energy of related reactions: (a) carbothermal reduction stage; (b) boronization and de-
carburization stages.
 
 

3. Experimental procedures

The  raw  materials  used  were  nano-ZrO2 (purity  >  99%,
Shanghai Macklin Biochemical Co., Ltd., Shanghai, China),
carbon black (purity > 98.5%, Mitsubishi Chemical Corpora-

tion, Tokyo, Japan), B4C (purity > 99%, 2–3 µm, Shanghai
Aladdin Bio-Chem Technology Co., Ltd., Shanghai, China),
and metal calcium (purity > 99.5%, 1–5 mm, Beijing Univer-
sal Jin Xin International Science and Technology Co., Ltd.,
Beijing,  China).  Field  emission  scanning  electron  micro-

Table 1.    Physical parameters of ZrB2 and ZrC [4]

Compound Space
group

Molar mass /
(g·mol−1)

Density /
(g·cm−3)

Vickers
hardness /

GPa

Elasticity
modulus /

GPa

Coefficient of thermal
expansion / K−1

Thermal
conductivity /
(W·m−1·K−1)

Specific
resistance /
(10−8 Ω·m)

ZrC Fm-3m 103.23 6.7 20.5 (0.5 N) 495 7.01 (300–1300 K) 27.2 (1770 K)
39.7 (2770 K) 76.5

ZrB2 P6/mmm 112.84 6.1 22.1 (0.3 N)
17.9 (1 N) 496 5.9 (300–1300 K)

6.5 (1300–2300 K)
23.6 (300 K)
24.1 (473 K)   9.7
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0.
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Fig. 1.    Lattice model of ZrC (a) and ZrB2 (b). a and c: lattice
constant.
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scope  (FE-SEM)  images  of  raw  materials  are  shown  in
Fig. 3, from which ZrO2 and carbon black particles are both
nano-sized,  while  B4C  powder  is  composed  of  polyhedral
particle with the particle size of several microns. The specific
surface area of ZrO2 and carbon black were characterized by

Brunauer-Emmett-Teller  (BET)  method.  The  results  show
that the specific surface areas of ZrO2 and carbon black are
4.33  and  2.27  m2·g−1,  respectively.  After  calculation,  the
equivalent diameters of ZrO2 and carbon black particles are
47 and 26 nm, respectively.

 
 

(a) (b) (c)

1 μm 1 μm 2 μm

Fig. 3.    FE-SEM images of raw materials: (a) nano-ZrO2; (b) carbon black; (c) B4C.
 

In carbothermal reaction stage, powders of nano-ZrO2 and
carbon black with a ZrO2/C molar ratio of 1:3.6 were homo-
geneously mixed in agate mortar in a slurry state by adding
alcohol. The addition amount of C was higher than theoretic-
al  value  calculated  by  the  stoichiometric  ratio,  which  was
conducive to the reduction of ZrO2, and meanwhile, the ex-
cessive C could also hinder the growth of ZrC particles [28].
After  30 min of  manual  mixing,  the  slurry  was  dried  in  an
oven. Then, the dried mixture was placed and reacted in the
electric furnace (with MoSi2 as heating element). The sample
was heated with rate of 5 K·min−1 in argon gas. According to
thermodynamic  analysis,  to  ensure  a  high reaction  rate,  the
samples were reacted at 1873 K for 4 h. After the furnace was
cooled to room temperature, all samples were collected and
weighed. In the boronization and decarburization processes,
in  order  to  obtain  the  composite  powders  with  different  ra-
tios, according to reaction (2), the ZrC/B4C molar ratios were
1:0, 1:0.125, 1:0.25, 1:0.375, and 1:0.5, corresponding to the
products of 100ZrC, 75ZrC–25ZrB2, 50ZrC–50ZrB2, 75ZrC–
25ZrB2, and 100ZrB2, respectively. Since Ca was easily ox-
idized  and  volatile  at  high  temperature,  excessive  Ca  (1.5
times  of  the  theoretical  amount)  was  added  to  ensure  the
completion of decarburization reaction (reaction (3)) at 1473
K for 4 h [27–28]. After reaction, the remaining Ca and gen-
erated CaC2 in the product were removed by acidic leaching
(HCl,  1  mol·L−1).  Finally,  the  products  were collected after
rinsing and drying.

The phases of the samples were detected using powder X-
ray diffraction analysis (XRD, SMARTLAB (9), Cu-Kα radi-
ation, λ = 0.154178 nm) in a 2θ range of 10°–90° with a scan-
ning rate of 30°·min−1. The morphology of powders was ob-
served  using  field-emission  scanning  electron  microscope
(FE-SEM,  GeminiSEM  500)  field-emission  transmission
electron  microscopy  (FE-TEM,  FEI  Tecnai  G2  F20).  The
surface area of the samples was determined using the Brun-
auer-Emmett-Teller  method  (BET,  ASAP-2460,  MICRO-
MERITICS, American). The carbon content was determined
using a carbon-sulfur analyzer (EMIA-920V2, HORIBA, Ja-
pan), and the oxygen content was determined using an oxy-
gen and nitrogen hydrogen analyzer (EMGA-830, HORIBA,

Japan).  The  changes  of  the  Gibbs  free  energy  of  reactions
were calculated using FactSage 7.0 thermodynamic software.
Oxidation  characteristics  were  studied  in  flowing  air  using
thermal analyser (DTA–TG HENVEN HSC-3). 

4. Results and discussion 

4.1. Product of carbothermal reduction

The  morphology  and  phase  composition  of  the  product
prepared after carbothermal reduction reaction are shown in
the Fig. 4. There are many fine particles in the area marked
by the  green circle,  and the  energy dispersive  spectroscopy
(ESD) results show that the C content is relatively high in this
area. The EDS results of the marked points also show that the
characteristic spectral intensity of C with fine particle is sig-
nificantly  higher  than  that  at  large  particle.  It  is  clearly  de-
termined that the fine particles of residual C exist among the
sub-micron  ZrC  particles.  The  growth  of  ZrC  particles  is
hindered by the residual C [28]. At the same time, the XRD
patterns only show the characteristic peaks of ZrC, while the
residual C is not displayed. This result may be due to the low
crystallinity of carbon black. According to the above charac-
terization results, it can be known that a mixed powder of ul-
trafine  ZrC  and  C  was  prepared  via  the  reaction  between
nano ZrO2 and C. The mixture would be used as a raw mater-
ial for subsequent steps. 

4.2. Product of boronization and decarburization process

Fig. 5 displays XRD patterns of the products prepared at
1473 K. Obviously, only the characteristic peaks of ZrC and
ZrB2 are  found  in  all  patterns.  In  addition,  with  increasing
molar  fraction  of  ZrB2,  the  peak intensity  of  corresponding
phase became stronger. Furthermore, the corresponding rela-
tionship  between  the  composition  (mass  fraction)  of  ZrC–
ZrB2 composite  powder  and  the  diffraction  peak  intensity
(peak height) was fitted, and the result  can be described by
Eq. (4).

xZrC

xZrB2

= 0.542
IZrC(111)

IZrB2(101)
(4)
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xZrB2

IZrB2(101)

where xZrC is mole fraction of ZrC;  is mole fraction of
ZrB2; IZrC(111) is peak intensity of ZrC(111) crystal plane and

 is peak intensity of ZrB2(101) crystal plane. The fit-
ted curve is shown in Fig. 6, and the image shows a linear re-
lationship between molar ratio and peak intensity ratio, with
the correlation coefficients of 0.99. This equation can be used
to  roughly  estimate  the  composition  of  the  composite
powder, when the XRD pattern of the powder is gotten.

In addition, the carbon content and oxygen content of dif-
ferent samples are shown in Fig. 7. It is reasonable that the
carbon content in the sample shows a downward trend as the
ZrC content decreases.  However,  the oxygen content in the
sample  has  an  upward  trend  with  the  increase  of  the  ZrB2

content. In the processes of boronization and decarburization,
there should not be so much residual oxygen in ZrC or ZrB2

particles, due to the excessive addition of Ca. However, the
oxidation of ZrB2 or ZrC particles may occur during the acidic
leaching process. There is evidence that ZrB2 would be more
susceptible to corrosion than ZrC under similar acidic condi-
tions [4]. Therefore, as the content of ZrB2 increases, the acid
resistance  of  sample  become worse,  and  oxygen  content  in

the final sample would also increase.
FE-SEM  images  with  high  magnifications  for  different

samples have been provided, as shown in Fig. 8. By compar-
ing the morphology of the composite powders with different
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Fig. 4.    Morphology and phase of carbothermal reduction product: (a) FE-SEM images and EDS results; (b) XRD patterns.
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proportions,  the  number  of  flake  shaped  particles  increases
with the increase of ZrB2 content. However, the two phases
could not be identified based on the EDS results. In order to
further determine the particle morphology and distribution of
different  phases,  TEM  images  are  provided  as  shown  in
Fig. 9. There are two types of shadows (tens of nanometres)
in the bright-field image, which are brighter irregular shapes
and darker square. According to the mass thickness contrast,
it can be analysed that these two shadows correspond to flake
particles and cubic particles respectively. Then, the selected
area  electron  diffraction  (SAED)  and  high-resolution  trans-
mission electron microscopy (HRTEM) results also indicates
that  cubic particles  are ZrC and flake particles  are ZrB2.  In
HRTEM  image  of  the  ZrC  particles,  a  special  core-shell

structure  with  the  ZrC  particle  coated  by  ZrB2 layer  is  ob-
served. Similar structures have also been found in ZrC–ZrB2

composite  fibers  obtain  by carbothermal  reduction [7].  The
possible  reason for  this  structure is  that  some ZrC particles
are  not  completely  boronized  during  the  boronization  pro-
cess due to the insufficient supply of B4C. This phenomenon
indicates  that  the  boronization  process  of  ZrC  particles
gradually proceedes from the surface to the core. Through the
above analysis,  the  particle  morphology of  ZrC–ZrB2 com-
posite powder is identified. The typical morphology of ZrC
particles iss cube, and there may be a thin layer of ZrB2 on the
surface  of  ZrC particles  owing  to  the  incomplete  boroniza-
tion reaction. In composite powder, the typical morphology
of ZrB2 is confirmed to be flaky.
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Fig. 8.    FE-SEM and EDS images of boronization and decarburization products with different proportions obtained at 1473 K for
4 h. Note: EDS images correspond to high magnification images.
 
 

4.3. Oxidation  characteristics  of  ZrC–ZrB2  composite
powder with different proportions

For  comparing  oxidation  characteristics  of  ZrC–ZrB2

composite  powder  with  different  proportions,  different
samples were heated with a rate of 10 K·min−1 in dry air. Fig.
10 displays  the  TG–DTA  curves  of  oxidation  process  of
ZrC–ZrB2 powders.  The  oxidation  process  is  divided  into
several stages according to the TG curve, and the peak tem-
perature  of  the  DTA  curve  is  marked  for  comparison.  The
oxidation  characteristics  of  monophase  powders  (100ZrC
and 100ZrB2) are the research basis for this study. The oxida-
tion process of the sample 100ZrC is divided into two stages,
with two exothermic peaks corresponding to them. In stage
Ⅰ, the weight gain is rapid and with a strong exotherm (716
K),  which  corresponds  to  reaction  (5).  In  the  stage  Ⅱ,  the
weight increases at first and then descends, and a weak exo-
thermic peak is located at 817 K. This stage is the combined
effect  of  weightlessness  reaction  (reaction  (5))  and  weight
gain  reaction  (reaction  (6)).  In  order  to  further  confirm the
authenticity  of  reactions  (5)  and  (6),  the  carbon  content  of
samples  at  the  end  of  stage  Ⅰ and  stage  Ⅱ were  tested,
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which  were  3.66wt%  and  0.02wt%,  respectively.  Con-
sequently,  during the oxidation process of  ZrC,  C first  pre-
cipitated from ZrC in low temperature stage, and then is con-
tinuously  oxidized  in  high  temperature  stage.  During  this
process, with the increase of temperature, reaction (5) gradu-
ally  weakens,  and the effect  of  reaction (6)  is  gradually re-
vealed. However, different from the case of 100ZrC, the ox-
idation process of the sample 100ZrB2 is simple weight gain
accompanied by intense exotherm, corresponding to reaction
(7). After weight gain process, the TG curve shows a slight
weight loss, which is due to the volatilization of B3O3 (reac-
tion (8)). The oxidation resistance of ZrB2 is obviously better
than  that  of  ZrC,  which  is  mainly  due  to  the  formation  of
B2O3 liquid layer in the oxidation process of ZrB2 [29]. The
liquid layer covers the surface of the particles and hinders the
mass transfer of O2.
ZrC+O2(g) = ZrO2+C, ∆H273=−903.569 kJ ·mol−1 (5)

C+O2(g) = CO2(g), ∆H273 = −393.485 kJ ·mol−1 (6)

ZrB2+2.5O2(g) = ZrO2+B2O3,

∆H273 = −2049.493 kJ ·mol−1 (7)

B2O3 = B2O3(g) (8)

For  the  oxidation  of  sample  75ZrC–25ZrB2,  the  whole
process is divided into three stages. Compared to oxidation of
monophase ZrC, stage Ⅰ corresponds to reaction (5), and the
DTA peak position is increased by 42 K, while stage Ⅱ is re-
action (6), with the DTA peak position also increases by 31
K. The weight gain in stage Ⅲ corresponds to the oxidation
of  ZrB2 (reaction  (7)).  In  the  oxidation  process  of  sample
50ZrC–50ZrB2, the whole process is divided into two parts.
Stage Ⅰ corresponds to reactions (5) and (7), and Stage Ⅱ is
also the oxidation process of of C. During the rapid weight
gain, two strong exothermic peaks are detected, correspond-
ing to reactions (5) and (7), with the peak positions of the two
strong exothermic reactions of 886 and 907 K, respectively.
Oxidation of  C exhibits  a  weak exothermic peak at  971 K.
However, for sample 25ZrC–75ZrB2 its oxidation behaviour
is  simple,  with  only  one  weight  gain  process  and  one  exo-
thermic peak (927 K).  The oxidation characteristics  of  ZrC
can’t be clearly distinguished due to its low content.

By  comparing  the  oxidation  characteristics  of  different
samples, as the content of ZrB2 increases, the oxidation char-
acteristic temperature of ZrC also increases. When the mole
fraction of ZrB2 is greater than 75%, ZrC is protected and ox-
idized simultaneously with ZrB2. The hindrance of the B2O3
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Fig. 10.    TG–DTA curves of ZrB2–ZrC composite powders with different proportions in oxidation process: (a) 100ZrC; (b) 75ZrC–
25ZrB2; (c) 50ZrC–50ZrB2; (d) 25ZrC–75ZrB2; (e) 100ZrB2.

526 Int. J. Miner. Metall. Mater. , Vol. 29 , No. 3 , Mar. 2022



liquid layer to oxygen mass transfer could explain this phe-
nomenon. As the content of ZrB2 increases, the amount of li-
quid B2O3 produced by initial oxidation increases and evenly
coats the particle surface. Especially for ZrC particles, the ef-
fective coating of B2O3 can make the oxidation of ZrC pro-
ceed simultaneously with ZrB2 (sample 25ZrC–75ZrB2). 

5. Conclusion

In  this  paper,  a  two-step  method  to  prepare  ZrC–ZrB2

composite powder with different proportions was proposed.
Firstly, a mixture of ZrC and C was prepared by carbotherm-
al  reduction of  ZrO2.  After  that,  by controlling the addition
amount  of  B4C,  ZrC  was  boronized  by  B4C  to  generated
ZrC–ZrB2 composite  powder  with  different  compositions.
The excessive C was reacted with Ca to form CaC2 which can
be removed by acidic leaching. By this method, five powders
with different proportions (100ZrC, 75ZrC–25ZrB2, 50ZrC–
50ZrB2, 75ZrC–25ZrB2, and 100ZrB2) were successfully pre-
pared.  According  to  the  microscopic  morphology  analyses,
the particle size of the product prepared at 1473 K was tens of
nanometres,  among  which  ZrC  and  ZrB2 were  cubic  and
flaky  particles,  respectively.  According  to  the  special  core-
shell structure, the boronization process of ZrC was inferred
that  boronization reaction gradually  advances  from the  sur-
face of ZrC particles to core. Finally, the oxidation character-
istics  of  composite  powders  in  different  proportions  were
studied. The test results showed that the oxidation resistance
of ZrC–ZrB2 composite powder continued to increase as the
content of ZrB2 increased. As the mole fraction of ZrB2 was
greater than 75%, the oxidation characteristic of the compos-
ite powder was close to that of pure ZrB2. 
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