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ZrC-ZrB,-based composites were prepared by combustion synthesis (CS) reaction from 10 wt.% to 50 wt.%
Co-Zr-B4C powder mixtures. With increasing Co contents, the particle sizes of near-spherical ZrC and
platelet-like ZrB, decreased from 1 wm to 0.5 wm and from 5 pm to 2 um, respectively. In addition, the
formation mechanism of ZrC and ZrB, was explored by the phase transition and microstructure evolution
on the combustion wave quenched sample in combination with differential scanning calorimeter analysis.
The results showed that the production of ZrC was ascribed to the solid-solid reaction between Zr and C
and the precipitation from the Co-Zr-B-C melt, while ZrB, was prepared from the saturated liquid. The
low B concentration in the Co-Zr-B-Cliquid and high cooling rate during the CS process led to the presence
of Co,B and ZrCos3B; in the composites. The addition of Co in the Co-Zr-B4C system not only prevented

ZrC and ZrB, particulates from growing, but also promoted the occurrence of ZrC-ZrB, -forming reaction.
© 2015 The Ceramic Society of Japan and the Korean Ceramic Society. Production and hosting by

Elsevier B.V. All rights reserved.

1. Introduction

ZrC and ZrB, have outstanding properties, such as good ther-
mal conductivity, high melting point and excellent wear resistance.
This makes them good candidates for cutting tools, reinforcing
particles in composites and high temperature ceramics [1-3].
The widely used methods to produce materials combining ZrC
and ZrB, ceramics involve a reactive hot pressing process, reac-
tive melt infiltration, spark plasma sintering, etc. [3-7]. However,
in most cases, these technologies require high temperature and
complex equipment. By comparison, self-propagating high temper-
ature synthesis (SHS), also termed as combustion synthesis (CS), is
a novel processing technique currently being developed due to the
low processing cost, relative simplicity of equipment and high effi-
ciency in energy and time [8]. Thus far, this technology has been
used to prepare intermetallic compounds, advanced engineering
ceramics and composites.
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In the past years, the combustion synthesis of TiC-TiB,-based
composites from the Ti-B4C system with different metal additives
has been extensively investigated [9-13]. Research results revealed
that the incorporation of metal into Ti-B4C powder mixtures can
promote and accelerate the formation of TiC and TiB; by forming
low melting liquid. Moreover, the addition of metal contributed
to controlling the size and morphology of the resultant grains. By
contrast, reports related to ZrC-ZrB,-based composites produced
by the CS route are relatively limited. These works include ZrC
and ZrB, particles fabricated from the Al-Zr-B4C and Cu-Zr-B4C
system, and ZrC-ZrB,-SiC composites prepared with Zr, B4C, Si
and graphite mixtures [2,14,15]. However, the combustion synthe-
sis of ZrC-ZrB,-based composites from the Co-Zr-B4C system has
not been reported so far. In general, the properties of composites
depend on the nature of the matrix and fillers, their proportion and
interfacial binding strength as well as the distribution of the filler
[16]. In comparison with Al and Cu, Co features higher Young’s
modulus (110-128 GPa), higher melting point (1495°C), lower
thermal expansion coefficient (13.0 umm~! K-1), higher hardness
(HV 1043 MPa), and lower wetting angles with ZrC (86°) and ZrB,
(50°)[17]. Therefore, ZrC-ZrB, /Co composites are expected to have
good high temperature performance. In this paper, we explore the
feasibility for the CSreaction in this system and the effect of Co addi-
tion on the resultant products. The main purpose is to investigate
the formation mechanism of ZrC and ZrB,. It is expected that these
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preliminary results will provide helpful guidance for the further
production of ZrC-ZrB,-based composites.

2. Experimental procedure

The starting materials were commercial powders of Co (99 wt.%
purity, ~28 wm), Zr (99.5 wt.% purity, ~48 um) and B4C (=95 wt.%
purity, ~3.5 wm). Samples were prepared with Zr and B4C at a ratio
corresponding to the stoichiometry of ZrC-2ZrB, plus 10, 20, 30,
40 and 50wt.% Co in the Co-Zr-B4C system. The blended powders
were dry mixed in a stainless steel container using ZrO, balls at a
low speed (~50rpm) for 8 h. Subsequently, the powder mixtures
were placed in cylindrical die (22 mm in diameter) and uniaxially
pressed into compacts with about 65% theoretical density. The CS
experiments were performed in a stainless steel glove box full of
Ar atmosphere. Briefly, the compact was placed on a 2-mm-thick
graphite plate on top of a tungsten electrode. The compact was
ignited by an arc heating, which was generated by passing a strong
current (60 A).

The phase evolution path of the Co-Zr-B4C system was measured
by differential scanning calorimeter (DSC) (Model 200 F3 Maia,
Netach, Bavaria, Germany) with the protection of flowing Ar gas
(flow rate: 40 ml/min). A small amount of loose powder mixtures
(~35mg) was held in an alumina crucible and heated to a desig-
nated temperature at the heating rate of 30 °C/min. Furthermore,
in the glove box full of Ar, the copper-mold-aided combustion front
quenching experiment for rectangular compacts in dimensions of
65 mm x 10 mm x 2 mm was conducted.

The phase constituents of the DSC and CS products were iden-
tified by X-ray diffraction (XRD) (D/Max 2500PC Rigaku, Japan)
using Cu-K,, radiation source, while the phase compositions in the
different regions of the quenched sample were detected by X-ray
micro-diffraction (D8 Discover with GADDS, Bruker AXS, Germany)
using an 800 wm beam diameter. The microstructures of the CS
and quenched specimens were examined by field emission scan-
ning electron microscopy (FESEM) (Model S-4800, Hitachi, Tokyo,
Japan) equipped with an energy-dispersive X-ray spectrometer
(EDS) (Model Link-ISIS, Oxford, England).

3. Results and discussion
3.1. Thermodynamic analysis

As a preliminary analysis, the change in standard Gibbs free
energy (AG?) can offer information about the possible reactions,
the reaction direction and extend as well as the phase stability at
elevated temperatures. Hence, it is an important thermodynamic
parameter for analyzing the complex reactions during the CS pro-
cess. The potential chemical reactions that may take place among
Co, Zr and B4C are listed as follows:

§C0+%B4CH chB+%C (1)
gCoJr%leCH gcozBJr%C 2)
%Co+%2ra %CoZr (3)
%Co + %Zr — %COzzI‘ (4)
%B4C+ %Zr - %Zrc + %ZrBz (5)

Utilizing the thermodynamic data in Refs. [18,19], the values
of AGP for Egs. (1)-(5) were calculated, as shown in Fig. 1. It is
clear that the above reactions are all thermodynamically favorable
(AGY<0) in the calculated temperature ranges. It should be noted
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Fig. 1. Changes in AGP for reactions (1)-(5).

that the value of AGO for Eq. (5) is more negative than that of others.
Thus, reaction (5) is energetically favored to proceed. Moreover, ZrC
and ZrB, are more thermodynamically stable than cobalt zirconium
and cobalt boron compounds. This suggests that if Co-Zr or/and Co-
B phases are formed during the CS process, they may transform to
ZrC and ZrB, at elevated temperatures.

3.2. DSC experiment

Thermodynamic analysis indicates that there may be compli-
cated reactions in the Co-Zr-B4C system. Therefore, the phase
transitions for Co-B4C, Co-Zr, Zr-B4C and 30 wt.% Co-Zr-B4C sys-
tems were explored by DSC, respectively. The molar ratios of
Co-B4C, Co-Zr and Zr-B4C correspond to those in 30 wt.% Co-Zr-B4C
system, respectively. Additionally, interrupted experiments were
conducted in order to make clear the reaction sequence during the
heating process.

In the DSC curve of the Co-B4C (Co/B4C=2.4 in molar ratio) sys-
tem, no obvious endothermic or exothermic peaks were observed
(Fig. 2a). Heating the mixtures to 600°C, only Co and B4C were
found in the DSC products (Fig. 3a). For the reactant quenched at
800°C, a large amount of Co,B was determined by XRD (Fig. 3b).
This means that the solid-state reaction of Co+B4C— Co;B+C
mainly took place in the temperature range of 600-800°C. When
the temperature ranged from 800°C to 1000°C, Co-B4C reaction
was further activated. It gave rise to the significant enhancement
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Fig. 2. DSC curves of the (a) Co-B4C, (b) Zr-B4C, (c) Co-Zr and (d) 30 wt.% Co-Zr-B4C
powder mixtures, respectively.
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Fig. 3. XRD patterns for the DSC products of the Co-B4C system quenched at (a)
600°C, (b) 800°C, (c) 1000°C and (d) 1250 °C, respectively.

of CoB peaks and the disappearance of Co (Fig. 3c). According to the
calculated results in Fig. 1, the values of AGO for Egs. (1) and (2) are
negative. Thus, the fabrication of Co,B and CoB is thermodynami-
cally feasible. With further increasing temperature, Co,B reacted
with B4C to form CoB. As a result, Co,B content decreased, while
CoB content increased in the final products (Fig. 3d). It is worth not-
ing that C peaks were not identified by XRD, though C atoms should
be set free from above reactions. It may be owing to the amorphous
structure of C.

In the DSC curve of the Zr-B4C (Zr/B4C=3 in molar ratio) system,
only an exothermic peak is present at temperature close to 1182 °C
(Fig. 2b). Besides Zr and B4C phases, a great number of ZrC and ZrB,
were found in the final products (Fig. 4b). Clearly, this exothermic
event was caused by ZrC-ZrB,-forming reaction between Zr and
B4C particles. Guo et al. [4]| produced ZrB,-ZrC-Zr cermets with Zr
and B4C powder mixtures by reactive hot pressing. They found that
for samples sintered at 900 °C or above, Zr and B4C mixtures can be
converted into ZrB; and ZrC. It is notable that the diffraction peak of
B4C is far weaker than Zr or it cannot be detected though the mole
percentages of B4C and Zr are 25% and 75%, respectively. Similar
phenomena also existed in the Cu-B4C [20] and Co-B4C systems.
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Fig. 4. XRD patterns for the DSC products of the Zr-B4C system quenched at (a)
900°C and (b) 1250°C, respectively.

@ CoyZr AZr ©CoZr(O,N) * Co
A

CoZr
(a)

Intensity (arb.unit)

Y
AA <>‘

20 30 40 50 60 70 80
26 (°)

Fig.5. XRD patterns for the DSC products of the Co-Zr system quenched at (a) 800 °C,
(b)998°C and (c) 1250°C, respectively.

The relative diffraction intensity formula of phase in the powder
mixtures can be described as follows:

5 1+cos?20 o2M

Ip=n-|F?- (6)

sin® 6 cos 6

2 .
wheren,F, H%SZZ, 6 and e~2M are multiple factor, structure factor,
sin cos

angle factor, Bragg angle and temperature factor, respectively. F is
the scattering power of unit cell and is connected with the atomic
characteristics and location in the unit cell. Therefore, the weak
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Fig. 6. XRD patterns of (a) 30wt.% Co-Zr-B4C powder mixtures and correspond-
ing DSC products quenched at (b) 1000°C, (c) 1070°C, (d) 1164°C and (e) 1250°C,
respectively.
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Fig. 7. X-ray micro-diffraction patterns of the quenched sample in the (a) unre-
acted region, (b) preheated region, (c) reacting reaction and (d) fully reacted region,
respectively.

or absent B4C peaks in the mixtures are possibly on account of its
atomic characteristics and crystalline lattice.

In the DSC curve of the Co-Zr (Co/Zr=0.8 in molar ratio) sys-
tem (Fig. 2¢), there are two exothermic peaks at about 998 °C and
1061 °C, respectively. Heating Co-Zr mixtures to 800°C, no reac-
tions occurred in accordance to the XRD patterns in Fig. 5a. With
increasing temperature, Zr reacted with Co to form CoZr and Co,Zr
compounds, which gave rise to the exothermic peak at 998 °C. Thus,
new phases Co,Zr and CoZr appeared in the DSC products (Fig. 5b).
The reason for the presence of CoZr3(0, N) phase may be owing to
the invasion of atmosphere during the heating period. In the light
of the thermodynamic analysis in Fig. 1, the synthesis of Co,Zr and
CoZr through Co-Zr reaction is theoretically feasible. As the temper-
ature was raised to 1061 °C, the reaction of Zr + CoyZr — CoZr took
place. Consequently, the diffraction peaks of CoZr became inten-
sive, while those of Co,Zr and Zr became weak in the final products
(Fig. 5¢).

The DSC curve of 30 wt.% Co-Zr-B4C system includes two obvi-
ous exothermic peaks at around 1070°C and 1164 °C, respectively
(Fig. 2d). For the reactants quenched at 1000°C, a small number
of Co,B and CoB compounds were detected by XRD (Fig. 6b). This
implies that the reaction of Co+B4C— CoyB+C (y=1, 2) occurred.
The phenomenon was also observed in the DSC experiments of
the Co-B4C system. However, no Co-Zr compounds were formed at
1000 °Cas compared with DSCresults of the Cu-Zr system. Research
on the reaction process of the Cu-Zr-B4C system indicated that the

Fig. 8. Microstructure and elemental mapping micrographs in the unreacted region.
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presence of B4C particles may restrain solid-state reaction between
Cu and Zr powders [15]. It is inferred that the B4C in the Co-Zr-B4C
system played the same role. Without no doubt, B4C can decrease
the contact surface and extend diffusion distance between Co and Zr
particulates, which is unfavorable to the formation of Co-Zr com-
pounds. In addition, it can be concluded that Cu-B4C reaction is
more favorable than Co-Zr reaction. It is possibly due to the fine B4C
particles and large contact surface between Co and B4C powders.

Heating the reactant to 1070 °C, new phases ZrC and ZrB, were
identified in the DSC products (Fig. 6¢). So, this exothermic peak
mainly resulted from the formation of ZrC and ZrB,. After the solid-
solid reaction between Co and B4C, C atoms were set free. Then, the
free C atoms reacted with Zr to form ZrC. The ZrC-forming reaction
is exothermic, which would improve the reactivity of the surround-
ing particles. As a consequence, the reaction of Zr + B4C — ZrC+ZrB,
was induced. These two reactions were put together and led to the
exothermic peak with the maximum temperature at 1070°C, and
the stronger diffraction intensity of ZrC peaks in comparison with
that of ZrB, peaks (Fig. 6¢). The forming temperature of ZrC and
ZrB, (1070°C) in 30 wt.% Co-Zr-B4C system is lower than that in
the Zr-B4C system (1182 °C). Therefore, it is accepted that the addi-
tion of Co to the Zr-B,C mixtures promotes the formation of ZrC
and ZrB,.

Increasing temperature brought about the second exothermic
peak at approximately 1164 °C. In the DSC products, new phase
CoZr was detected (Fig. 6d). Furthermore, the diffraction peaks of
ZrC and ZrB, were much stronger than those in Fig. 6¢. As we know,
high temperature favors atomic diffusion. Hence, the diffusion rate
of Co and Zr increased as the temperature was raised to 1164 °C.
Spontaneously, the solid-state reaction between Co and Zr to form
CoZr proceeded. Referring to the DSC analysis in the Co-Zr system,
the formation of CoZr will release heat and elevate the temper-
ature around. Consequently, the reaction of Zr+B4C— ZrC+ZrB,
was triggered. Once again, ZrC-ZrB,-forming reaction (1164 °C) was
accelerated as compared with that in the Zr-B4C system (1182 °C).

In the temperature range of 1164-1250°C, no obvi-
ous exothermic peaks were observed. However, CoB, CoZr
and Zr disappeared, while ZrCo3B, phase appeared in the
final products (Fig. 6e). On the basis of the DSC analysis,
the phase evolution in 30wt% Co-Zr-B4C system can be
described as: (1) Co+Zr+B4C— (2) Co+Zr+B4C+CoyB+C— (3)
Co+Zr+B4C+CoyB+ZrC—(4) Co+Zr+B4C+CoyB+ZrC+Z7ZrB; —
(5) Co+Zr+B4C+CoyB+ZrC+ZrB, +CoZr — (6) ZrC+ZrB, + CoyB+
ZrCos3B,;.

3.3. Combustion wave quenching experiments

DSC analysis contributes to understanding the formation path
of ZrC and ZrB, in the Co-Zr-B4C system. However, it may not be
fully reliable for the different experimental conditions between the
DSC and CS process. For instance, CS reaction was ignited by heat-
ing one end of the reactant, while DSC reaction was triggered by
heating the whole reactant [8]. In order to further make clear the
formation mechanism of ZrC and ZrB,, it is necessary to quench
the combustion wave during its passage through the sample. The
combustion wave quenching experiments succeeded in 50 wt.%
Co-Zr-B4C specimen with 1-pm Co, 48-pwm Zr and 3.5-pm B4C
particles. The quenched sample could be roughly divided into four
regions along the propagation direction of combustion wave front,
i.e. unreacted region, preheated region, reacting region and fully
reacted region. From the X-ray micro-diffraction results in the dif-
ferent regions (Fig. 7), it can be seen that the phase constituents
gradually changed.

In the unreacted region, there exist only Co and Zr phases,
without any intermediates (Fig. 7a). This suggests that the pow-
der mixtures were not affected by the heat generated from the
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Fig. 9. Microstructure and elemental scanning spectra in the reacting region.

combustion front. Microstructure observation and energy spec-
trum analysis in this region (Fig. 8) shows that the fine white
particles are Co, the large white ones represent Zr and the fine
gray grains are B4,C. Compared with the unreacted region, Co,B
phase was formed in the preheated region (Fig. 7b). The appearance
of Co,B should be Co-B4C reaction triggered by the heat gener-
ated from the reacting region. DSC results also indicated that the
solid-solid reaction between Co and B4C initially took place in the
Co-Zr-B4C system (Fig. 6a).

Fig. 7c is the XRD patterns in the reacting region. As seen, new
phases ZrC, ZrB,, Co,Zr and ZrCo3B, appeared. After Co-B4C reac-
tion, the free C atoms reacted with Zr particles to form ZrC, which
will elevate temperature around. Thus, the diffusion rate of Co and
Zr increased, and the solid-solid reaction of Co+Zr — Co,Zr hap-
pened. Li et al. [21] found that the synthesis of ZrC with Zr and C
powders can bring about the evaporation of NaCl (boiling point:
1413°C). It is inferred that ZrC-forming reaction also promoted the
melting of Co,B (melting point: 1280°C) at the local area. Sub-
sequently, Co, Zr and B4C gradually dissolved and diffused into
the melt to form Co-Zr-B-C liquid because of the capillary pen-
etration and the increasing diffusion path of liquid. Fig. 9 is the
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Fig. 10. Microstructure and the EDS spectra of corresponding dot in the reacting
region close to the fully reacted region.

microstructure in the reacting region. A molten-like phase can be
observed. According to the EDS-line analysis, the molten-like phase
was made of Co, Zr, B and C elements. This indicated that Co-Zr-B-C
liquid was formed in the reacting region. Generally, atoms in the
liquid are able to move more freely, and they are much more likely
to collide and react with one another. As a consequence, ZrC-ZrB,-
forming reaction was promoted. Once the more stable ZrC and ZrB,
in the liquid became saturated, they were precipitated. Liang et al.
[9] explored the reaction path of TiC and TiB, in 20 wt.% Cu-Ti-B4C
system. They found that in the Ti-B4C system, TiC and TiB, were
synthesized at 1093 °C through the solid-solid reaction between Ti
and B4C. While in 20 wt.% Cu-Ti-B4C system, TiC-TiB,-forming tem-
perature was reduced to 990 °C due to the formation of Cu-Ti-B-C
liquid. It should be noted that the location of the region containing
Co does not quite correspond to those containing Zr, C, and B, as
seen in the EDS-line analysis in Fig. 9. As we know, diffusion is a
time-dependent process and usually goes from regions of higher
concentration to regions of lower concentration. So in the melt,
Co concentration close to Co particles was higher than that away
from Co particles, and gradually decreased from the left to the right.
Similar behavior also existed in the concentration variation of Zr.
At the center (white-lined box in Fig. 9), Co, Zr and C were simul-
taneously detected owing to a short distance to the surrounding
particles. Moreover, B concentration in the liquid was relatively
low. The EDS technique measures X-rays emitted from the sam-
ple during bombardment by an electron beam to characterize the
elemental composition [22]. However, light elements (e.g. B) are
difficult to detect for the low fluorescence quantum yield and low
X-ray energy as well as strong absorption. In Fig. 8, B “counts” are
few as well. On the other hand, the diffusion of C away from the
B4C is much faster than that of B [23]. These may lead to the low
intensity of B in the liquid.

Fig. 10 is the microstructure in the reacting region close to the
fully reacted region. In Fig. 10, a molten-like phase including Co and

Fig. 11. Microstructure in the fully reacted region.

Zr elements was observed. It is speculated that the formation of ZrC
and ZrB, will release heat and result in the melting of Co,Zr. After
the dissolution and diffusion of B4C into Co-Zr melt, more Co-Zr-B-C
liquid was formed. In this way, Co,Zr promoted ZrC-ZrB, -formation
reaction.

Fig. 11 is the microstructure in the fully reacted region, which
further offers evidence that ZrC and ZrB, were precipitated from
the liquid. The phase compositions in this region (Fig. 7d) are simi-
lar with those in the CS products with 50 wt.% Co content (Fig. 12e).
Besides the desired Co, ZrC and ZrB; phases, Co,B and ZrCo3 B, com-
pounds were determined by XRD. Makino et al. [24] considered
that the presence of nonequilibrium structures was because of the
high cooling rate and high defect concentration during the CS pro-
cesses. According to the EDS line in Fig. 9, C concentration in the
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Fig. 12. XRD patterns for the CS products with (a) 10 wt.%, (b) 20 wt.%, (c) 30 wt.%,
(d) 40 wt.% and (e) 50 wt.% Co contents, respectively.
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Co-Zr-B-C liquid is higher than B concentration because the dif-
fusion of C away from the B4C is much faster than that of B [23].
Moreover, ZrCis a substoichiometric phase in the light of Zr-C phase
diagram [25]. Therefore, the formation of ZrC may consume more Zr
owing to the high C concentration. Accordingly, there were insuffi-
cient Zr atoms to produce ZrB; and redundant B atoms in the liquid.
So, with the precipitation of ZrC and ZrB,, Co, Co;B and ZrCos3B,
crystallized from the liquid.

Based on the above observation and analysis, we believed that
the formation route of ZrC and ZrB, during the CS process experi-
enced the following reactions:

Co(s) + B4C(s) — CoyB(s) + C(s) (7)
Zr(s) + C(s) — ZrC(s) (8)
Co(s) + Zr(s) — CoxZr(s) 9)
CoyB(s) — Co-B(l) (10)
Co-B(1) + Co(s) + Zr(s) + B4C(s) - Co-Zr-B-C(I) 11)
Co-Zr-B-C(1) — ZrC(s) + ZrBy(s) + Liquid (12)
CoyZr(s) — Co-Zr(1) (13)

Co-Zr(1) + B4C(s) — ZrC(s) + ZrBy(s) + Liquid (14)

Liquid — Co(s) + CoB(s) + ZrCo3B;(s) (15)

3.4. Phases and microstructures of CS products

Fig. 12 is the typical XRD patterns of the CS products with Co
contents ranging from 10wt.% to 50wt.%. As indicated, besides
the expected ZrC, ZrB, or/and Co phases, a small number of Co,B
and ZrCo3B,; compounds were determined. This implies that the
combustion synthesis of ZrC-ZrB,-based composites from the Co-
Zr-B4C system is feasible. As mentioned before, the appearance of
Co,B or/and ZrCo3B; is due to the high defect concentration of B
and high cooling rate during the CS processes. Therefore, increasing
B concentration in the Co-Zr-B-C liquid may restrain the presence
of Co,B or/and ZrCo3B, in the CS products. In a previous work [20],
the effect of B4C particle size on the CS process and product in the
Cu-Zr-B4C system was investigated. Research results showed that
increasing B4C size will reduce the dissolution rate of B4C in Cu-Zr
liquid and lead to the incomplete conversion of ZrC and ZrB,. It is
deduced that using finer B4C particles may increase the dissolution
rate of B4C and B concentration in the liquid, and thus refrain the

Fig. 13. Microstructures for the CS products with (a) 10 wt.%, (b) 20 wt.%, (c) 30 wt.%, (d) 40 wt.% and (e) 50 wt.% Co contents, respectively.
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production of Co,B or/and ZrCo3 B,. However, relevant experiments
have not been conducted for the lack of fine B4C.

Fig. 13 shows the morphologies of ZrC and ZrB, in the CS prod-
ucts. It can be observed that ZrC and ZrB, grains displayed close
to spherical [26] and platelet-like morphologies [4,27], respec-
tively. Furthermore, with increasing Co contents, the particle size
of ZrC decreased from about 1 wm to 0.5 pwm, while ZrB, size was
reduced from about 5um to 2 wm. Referring to Fig. 12, increas-
ing Co contents will result in the reduction of ZrC and ZrB, and the
enhancement of Co in the CS products. On one hand, the cooling rate
increased for the higher thermal conductivity coefficient of metal.
Correspondingly, the dwell time of the final products at elevated
temperature was shorted. This prevented the growth of ZrC and
ZrB,. On the other hand, the heat released from ZrC-ZrB,-froming
reaction decreased. Spontaneously, the combustion temperature
decreased. It brought about the reduction in the size of resultant
ZrC and ZrB, because the growth of grains is an exponential func-
tion of the temperature [11]. Moreover, the increase of liquid metal
surrounding ceramic particles gives rise to the increased diffusion
path, and prevents the ceramic particles to form larger particles
[13]. Increasing Co contents in the Co-Zr-B4C system will promote
the formation of Co-B and Co-Zr compounds. Correspondingly,
more Co-Zr-B-C liquid will be formed according to the analysis on
the combustion wave quenching experiments. As a result, the sizes
of ZrC and ZrB, particles turned to be smaller with increasing Co
contents.

4. Conclusions

(1) ZrC-ZrB,-based composites were produced by way of CS
method from the Co-Zr-B4C system.

(2) With increasing Co contents, the particle size of ZrC and ZrB,
reduced.

(3) The addition of Co to Zr-B4C mixtures promoted the formation
of ZrC and ZrB,.

(4) ZrB, was prepared from Co-Zr-B-C liquid, while ZrC was pro-
duced by the solid-solid reaction between Zr and C and the
precipitation from the saturated liquid.
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