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Abstract

ZrC-ZrO, composite ceramic microspheres were prepared by internal gelation combined with carbothermic reduction using
fructose as a chelating agent and carbon source. Fructose in the precursor solution formed complex with zirconium ions,
which was conducive to the refining of the microstructure of the sintered composite. ZrC—ZrO, composite with ZrC content
as high as 60 wt% could be prepared.

Graphical Abstract

In this paper, fructose was used as a chelating agent and an organic carbon source to prepare ZrCO microspheres by internal
gelation and carbothermic reduction. The fructose in the precursor solution could form complex with zirconium ions, which
was conducive to the refining of the microstructure of the sintered composite. ZrC—ZrO, composite with crystal size of ZrO,
and ZrC in nanometer range and ZrC content as high as 60 wt% could be successfully prepared.
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Highlights

e The fructose was used as a chelating agent and an organic carbon source to prepare ZrC—ZrO, composite microspheres

by internal gelation and carbothermic reduction.

e The fructose in the precursor solution could form complex with zirconium ions, which was conducive to the refining of

the microstructure of the sintered composite.

e ZrC-ZrO, composite microspheres with crystallite size of ZrO, and ZrC less than 100 nm and ZrC content as high as

60 wt% could be successfully prepared.

1 Introduction

Uranium carbon—uranium oxide microspheres have been
applied to high-temperature gas-cooled reactors [1, 2] to
mitigate the amoeba effect associated with UO, micro-
spheres [3]. ZrO, and ZrC can be used as template materials
for UO, and UC. The study of the preparation of ZrC—ZrO,
composite microspheres has important reference value for
the preparation of UC-UQO, microspheres [4]. UC-UO, and
ZrC—ZrO, composite microspheres could be obtained by
internal gelation and carbothermic reduction with carbon
black as carbon sources [5-8]. However, the dispersion and
particle size of the carbon black had great influence on the
microstructure of the carbide microspheres [9], resulting in
inhomogeneous distribution of components in the micro-
spheres and potentially decreased crush strength [10].

To refine the microstructure of the microspheres, a water-
soluble carbon source, such as sucrose has been tested and
ZrC—ZrO, composite microspheres have been prepared
[11]. Such carbon source that is not chemically associated
with the metal ions in the sol, however, suffers from the
high loss in the washing process of the gel microspheres,
resulting in a core—shell structure in the microspheres.
Moreover, the increase of sucrose content in the precursor
solution also resulted in the decrease of the crush strength.
Therefore, it is necessary to explore suitable alternative
organic carbon source.

Some references have reported that zirconium ions could
form complexes with organic compounds such as acetate
[12], acetylacetone [13, 14], and fructose [15, 16]. Tests
with a series of organic compounds, including phenolic
resin, chitosan, acetyl acetone, glucose, and fructose indi-
cate that fructose was the best material so far for preparation
of the composite microspheres. Fructose can be oxidized to
gluconic acid in an acid environment, which could form a
complex with zirconium ions in solution [16]. In the cal-
cinations process, the complex produces fine particles upon
decomposition [17]. So in this paper, fructose was used as a
chelating agent and an organic carbon source to prepare
ZrC-ZrO, composite microspheres.

@ Springer

2 Experimental details

2.1 Preparation of ZrC-ZrO, composite
microspheres

The precursor solution with carbon source was prepared
according to our previous work [11, 18]. The Zt/Y solution
of 28.74 mL including 1.6 mol/L ZrO(NO3),-xH,0 (AR,
Aladdin, Shanghai, China) and 0.14 mol/L. Y(NOs3);5-6H,0
(AR, Sinopharm Chemical Reagent Co., Ltd. Beijing,
China) was prepared. 2.3 mL concentrated HNO;3; (AR,
Beijing Chemical Factory, Beijing, China) was added into
the Zr/Y solution. Fructose (AR, Aladdin, Shanghai, China)
was used as the organic carbon source and was dissolved
into the Zr/Y solution under stirring. As the fructose
molecule has six carbon atoms, this leads to C/Z molar ratio
of 6 when one mole of fructose was added into one mole of
ZrO*". The pH value of the Zr/Y-nitric acid-fructose solu-
tions was less than 1.

Another solution of 20 mL consisting of 3 mol/L hex-
amethylenetetramine (HMTA) (AR, Sinopharm Chemical
Reagent Co., Ltd.) and 2.6 mol/L urea (AR, Sinopharm
Chemical Reagent Co., Ltd.) was also prepared.

After cooled to 4 °C for at least 1h, the above two
solutions were mixed to get the precursor solution under
magnetic stirring and was further cooled for at least 1 h. The
cold precursor solution was dropped into 90 °C silicone oil
(AR, Aladdin, Shanghai, China) with a micropipette. Due to
the interfacial tension, the liquid droplets spheroidized in
the silicone oil and the Egs. (1) and (2) started. The HMTA
is a weak base, which could react with H* (Eq. 3) generated
by the Eq. (2). Then the decomposition of HMTA (Eq. 4)
continued to consume H', initiating the gelation [19]. The
liquid droplets were solidified for a few seconds in the
silicone oil, and then the gel microspheres were aged for 1 h
and allowed to cool overnight.

2CO(NH,), + ZrO** — ZrO[CO(NH,),],”" (1)
7rO*" 4+ xH,0 — ZrO(OH), - (x —2)H,0 +2H"  (2)
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(CH2)6N4 + HJr — (CH2)6N4 . H+ (3)

(CH,) N4 - H 4+ 3H" + 6H,0 — 4NH,* 4 6CH,0
(4)

A washing process was carried out according to Hunt [20]
and modified by Gao [11] firstly with trichloroethylene
(AR, Aladdin, Shanghai, China) washes to remove the
silicone oil on the surface of the gels microspheres,
followed by ethanol-thermal treatment at 200 °C for 6 h
for reducing the loss of fructose. The microspheres were
further washed firstly with NH,OH (AR, Beijing Chemical
Factory, Beijing, China) to remove the NH,NO;, urea, and
unreacted HMTA from the microspheres; deionized water
then was used to remove the NH,OH and other impurities in
the microspheres. Finally propylene glycol methyl ether
(AR, Aladdin, Shanghai, China) was used to remove the
water from the microspheres. After washing, the gel
microspheres were allowed to dry for 12h at 60 °C in an
oven.

Heat treatments of the xerogel microspheres were carried
out from room temperature to the desired temperatures in
the range of 600-1550 °C with a heating rate of 1 °C/min in
flowing argon atmosphere for 4 h.

2.2 Characterization

The UV-VIS spectra were recorded for fructose and sucrose
solution and their mixture with Zr/Y with a JASCO V-650
spectrometer between 600 and 200 nm. The carbothermic
reduction reaction was monitored by thermogravimetry-
differential scanning calorimetry (TG-DSC) analysis by
NETZSCH STA 449F3 Thermal analyzer, and the test was
carried out in argon atmosphere at a heating rate of 10 °C/
min from 30 to 1500 °C and with an argon flow rate of
50 mL/min. The X-ray diffraction (XRD) patterns of sam-
ples were collected by using a RINT2000 vertical goni-
ometer diffractometer with Cu Ko radiation (Tokyo, Japan).
The lattice parameters were refined by Rietveld method
from the XRD patterns. The average crystallite size of the
samples was calculated by Scherrer’s formula using the
XRD patterns. The X-ray photoelectron spectroscopy (XPS)
data were collected by PHI Quantro SXM instrument
(Ulvac-Phi, Japan). The morphology of the samples was
observed on a JSM-6460LV scanning electron microscope
(SEM, JEOL, Japan). The sphericity of the microspheres
was defined as the ratio of the longest diameter and the
shortest diameter of each microsphere, which were mea-
sured from the images of the microspheres obtained by a
digital optical microscope (ZEISS Stemi 2000-C, Carl Zeiss
GmbH, Germany). The average value of one hundred
microspheres was taken as the sphericity of the

microspheres. The crush strength of the microspheres was
measured by KQ-3 crush strength tester. The TC-436 and
CS600 (LECO, USA) elemental analysis equipment was
used to determine the contents of oxygen and total carbon of
the samples.

3 Results and discussion

3.1 The complexing effect of fructose with
zirconium ions

UV-Vis studies are commonly used to identify the forma-
tion of complexes [12-15], the UV-Vis absorption spectra
of the solutions are recorded and presented in Fig. 1. Water
solutions of fructose and sucrose did not show any
absorption. Zr/Y-nitric acid solution shows absorption at
298 nm from NO;  [21]. After fructose was added, the
absorption blue shifted to 281 nm as a result of oxidation of
fructose by nitric acid [16], which formed gluconic acid. A
new absorption at 338 nm appeared, which is attributed to
the electronic transfer from the zirconium ions to the
complexing ligands from gluconic acid [15, 16], as shown
in Fig. 2. As a comparison, no absorption existed when
sucrose was added to Zt/Y solution, indicating no chemical
reactions occurred between zirconium ions and sucrose.

3.2 The structural transformation during heat
treatment of microspheres

TG-DSC test was conducted to observe the change of the
microspheres in heat treatment and to facilitate establish-
ment of the heating program for the dried microspheres. The

(a)sucrose solution

—— (b)fructose solution

(¢)Zr/Y - nitric acid solution

—— (d)Zr/Y- nitric acid - sucrose solution
(e)Zr/Y - nitric acid - fructose solution
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Fig. 1 The UV-Vis absorption spectra of the aqueous solutions. a
Sucrose solution; b fructose solution; ¢ Zr/Y -nitric acid solution; d Zr/
Y-nitric acid-sucrose solution (C/Zr = 6); e Zr/Y-nitric acid-fructose
solution(C/Zr = 6)
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Fig. 3 The TG-DSC analysis curves of ZrC-ZrO, composite dried dried microspheres
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results are presented in Fig. 3. The TG curve can be cate-
gorized into four stages. The weight loss below 200 °C was
related to the loss of the H,O, associated with the DSC
endotherm near 132 °C, resulting in approximately 15%
weight loss. The fast weight loss of the dry spheres between
200 and 600 °C was due to the decomposition of the car-
bonaceous materials derived from fructose and the residual
substances such as HMTA, urea, and NH4;NO;. The slower
weight loss from 600 to 1300 °C may be related to elim-
ination of structural water, crystallization of c-ZrO, corre-
sponding to the exothermic peaks were near 734 and 1140 °
C in the DSC. The fast weight loss above 1300 °C was due
to the carbothermic reduction reaction.

Based on the above results, the phase evolution at dif-
ferent heat treatment temperatures was further studied.
Figure 4 shows the XRD results of the dried microspheres
and those after heat treated at 600—1550 °C in flowing argon
with C/Zr being 6 in the precursor solution. The dried
microspheres and that calcined at 600 °C were amorphous.
The XRD pattern for the ZrC—ZrO, composite microspheres
calcined at 800 °C shows broad and weak diffraction peaks
that were due to cubic zirconia (c-ZrQO,)(PDF#899069). The
only change in the XRD pattern for the ZrC-ZrO,

@ Springer
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Fig. 4 X-ray diffraction patterns of the dried ZrC-ZrO, composite
microspheres (C/Zr was 6 in the precursor solution) and microspheres
calcined at various temperatures

composite microspheres heat treated at from 800 to 1300 °C
was that the c-ZrO, peaks at 260 =30.1°(111), 34.9°(200),
50.2°(220), and 59.6°(311) increased in intensity, indicating
the progressive crystallization of ZrO,. The initial ZrC
emerged from the sample heat treated at 1400 °C, and the
intensity of peaks of c-ZrC phase (PDF#350784) at 20 =
33.0°(111), 38.3°(200), 55.3°(220), 65.9°(311), and 69.3°
(222) increased with temperature. Meanwhile, the intensity
of ¢-ZrO, gradually decreased with the rise of temperature.
The results suggested that ZrC could be produced by car-
bothermic reduction reaction at and above 1400 °C. ZrC
became the main phase at 1550 °C, although a small amount
of c-ZrO, was still present. The carbothermic onset tem-
perature is lower than that of classical preparation of ZrC
powder, which occurred at 1657 °C or above [22]. The
possible reason for the much lower temperature of forma-
tion of ZrC may be that the existence of the complex
between the fructose and zirconium ions could achieve
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homogenous distribution of the precursor materials at
molecular level, which dramatically shortens the diffusion
path of ZrO, and C.

The average crystallite sizes of ZrC—ZrO, composite
microspheres were calculated by XRD peak analysis based
on Scherrer’s equation using the (111), (200), (220), (311),
and (222) reflections of ZrO, and ZrC crystal planes. As
shown in Table 1, the average ZrO, crystallite size
increased from 3.20+0.10 to 34.18 £3.78 nm with tem-
perature from 800 to 1400 °C. When the heat treatment
temperature reached 1400 °C, the crystallite size of ¢-ZrO,
decreased from 34.18 +3.78 to 11.90+3.10 nm with the
increase of temperature from 1400 to 1550 °C. Meanwhile,
the crystallite size of ZrC in the ZrC-ZrO, composite
microspheres increased from 50.92+1.32 to 56.88 =
2.88 nm from 1500 to 1550 °C.

3.3 The effect of the fructose content

In order to increase the content of ZrC in the microsphere,
the molar ratio C/Zr needs to be adjusted to 3:1 (corre-
sponding to the stoichiometric requirement for carbothermic
reduction of zirconia) in the precursor solution. Considering
the loss of carbon in the washing process of fructose, the
molar ratio of C/Zr was extended to include C/Zr greater
than 3, i.e., 1, 2, 3, 4, 5, 6, 7, and 8, respectively.

The XRD patterns of the sintered microspheres calcined
at 1550 °C with different amount of fructose are shown in
Fig. 5. The results show that the intensity of the ZrC dif-
fraction peaks of the sintered ZrC—ZrO, composite micro-
spheres increased with increasing content of the fructose,
while the intensity of the ZrO, diffraction peaks gradually
decreased. The initial formation of ZrC was observed when
C/Zr was 3, and ZrC became the main phase when C/Zr
greater than 5, although a weak diffraction peak corre-
sponding toZrO, was still present.

The lattice parameters of c-ZrC in the ZrC—ZrO, com-
posite microspheres with different C/Zr molar ratio in pre-
cursor solution was calculated and shown in Fig. 6. The
lattice parameters increased with the increase of C/Zr ratio

Table 1 The effect of temperature on crystallite size of ZrC—ZrO,
composite microspheres (C/Zr molar ratio=6 in the precursor
solution)

Temperature (°C) ZrO, (nm) ZrC (nm)
800 3.20+0.10 -

1000 6.00 +0.60 -

1200 1273+ 1.73 -

1300 21.75+2.25 -

1400 34.18 £3.78 -

1500 30.20 +£5.60 50.92+1.32
1550 11.90+3.10 56.88 +2.88
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4694
4693
4.692
4.691 -
4.690 |
4.689
4.688
4.687
4.686
4.685 |
4.684
4.683
4.682
4681

4.680 - _/

4679 ———

7rC: a=4.693A, PDF#350784

l/./.

I/

Lattice parameter of ZrC(A)

C/Zr Ratio

Fig. 6 The influence of different C/Zr molar ratio on lattice parameter
of ZrC in the ZrC-ZrO, composite microspheres

from 3 to 8, approaching that of the pure cubic ZrC phase
(a =4.693 A, PDF#350784).

It is interesting to note that, Fig. 4 shows that the XRD
peaks of ZrO, exhibited a significant shift to the left as the
temperature increased when the ZrC phase was observed.
Figure 5 also shows that a significant shift of the peaks to
the lower angles with the increase of C/Zr ratio. The shifts
of the XRD peaks for both phases to lower angles were
apparently associated with the carbothermic reaction and
the role of carbon in particular. According to the theory
proposed in carbothermic reduction of zirconia started with
the de-oxygenation of zirconia [23], which releases oxygen
and ZrO gas species. Oxygen atom reacts with carbon to
form CO, which subsequently reacts with ZrO to form
ZrC,0Oy [23, 24]). ZrC,Oy transforms to ZrC with pro-
gressive substitution of oxygen by carbon. With the increase

@ Springer
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Fig. 7 XPS data for ZrC-ZrO, composite sintered microsphere with C/Zr =

¢ O 1s spectra; d C 1s spectra

of the temperature, the reactions proceed towards the for-
mation of ZrC. When C/Zr is low in the reaction system,
substitution of oxygen by carbon could be arrested at an
early stage due to the exhaustion of carbon source, leaving
relatively more oxygen in the ZrC,Oy, which has larger
lattice parameter. Only when C/Zr was greater than five in
the present system, the amount of carbon could meet the
stoichiometric requirement for the near-complete transfor-
mation of ZrC,O, to ZrC.

The XPS analysis was conducted to confirm the presence
of Zr—C-O0 in the products. Figure 7a shows the XPS survey
spectrum of cross section of ZrC-ZrO, composite ceramic
microspheres with C/Zr = 6 in the precursor solution. The
peak of Zr 3d (182eV), Y 3d(157¢eV), O 1s (530eV), and
C 1s (284 eV) confirm the presence of Zr, Y, O, and C
atoms in the microsphere. Figure 7b—d displays the XPS
narrow scan spectra with fitting curves corresponding to Zr
3d, O Is, and C 1s bands respectively. Figure 7b shows that
the fitting results of Zr 3d band are composed of three

@ Springer
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6 in the precursor solution: a the full survey spectrum; b Zr 3d spectra;

components located at 184, 181.5, and 178.4 eV, respec-
tively. The peak at 184 eV is due to the Zr 3d of ZrO, [25],
and the peak at 178.4 eV is attributed to that in ZrC [26].
The peak at 181.5¢eV is likely due to the Zr 3d in ZrO,C,
[27]. Observation of the spectrum of O 1s (Fig. 7¢) clearly
demonstrates that there are two components centered at
530.3 and 529 eV corresponding to ZrO, and ZrO,C, [28],
respectively. The spectrum of C 1s (Fig. 7d) is composed of
two major peaks at 284.1 and 283.6 eV. The higher binding
energy is attributed to elemental carbon [29] and the lower
binding energy is due to ZrC [30]. XPS combined with
XRD confirms that ZrC,Oy, is produced in the process of
carbothermic reduction.

The chemical compositions of the sintered ZrC-ZrO,
composite microspheres with different C/Zr ratio were
analyzed based on the method in the reference [31]. Figure
8 shows the chemical compositions of the sintered
ZrC-Zr0O, composite microspheres with molar ratio of C/Zr
in the range of 1-8 in the precursor solution. As shown in
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Fig. 8 for the ZrC-ZrO, composite microspheres with C/Zr
=1 and 2, the mass fraction of zirconium carbide was only
9.11 and 12.31wt.%, respectively. Peaks corresponding to
ZrC were not observed in the XRD pattern due to the
detection error of carbon and oxygen content. For the
ZrC-ZrO, composite microspheres with C/Zr =3 to 5, the
ZrC-Zr0O, composite microspheres had mass fraction of the
ZrC of 15.47-36.08wt.%, respectively. Correspondingly,
the XRD pattern for the ZrC—ZrO, composite microspheres
with C/Zr 3-5 showed the characteristics peaks of ZrC.
When the C/Zr was 6 and above, the amount of ZrC phase
increased slowly with the increase of carbon concentration
in the precursor solution. The mass fraction of zirconium
carbide was greater than 60%.

Table 2 presents the crystallite size of the composite
microspheres. With the increase of C/Zr in the precursor
solution, ZrO, crystallite size gradually decreased and the
crystallite size of ZrC remained almost unchanged at ~60 nm.

3.4 The microstructure of the ZrC-ZrO, composite
microspheres

The surface images of the ZrC-ZrO, composite sintered
microspheres obtained with various C/Zr ratio is displayed

0.7 -
)

06 -

04

ZrC(wt)

03

0.1

0.0 P I R EE U S B B R |

C/Zr Ratio

Fig. 8 Variation of the mass fraction of the ZrC of sintered ZrC-ZrO,
composite microsphere with different C/Zr molar ratio

200pm
e

200pm
—

in Fig. 9. The images show that all the surfaces of the
sintered ZrC—ZrO, composite microspheres were smooth.

Figure 10 displays the cross-sectional images of the
ZrC—ZrO, composite sintered microspheres by different C/
Zr molar ratio with fructose as carbon source in the pre-
cursor solution. As shown in Fig. 10, all the sintered
microspheres showed good sphericities of 1.02+0.01.
Figure 10 also clearly indicates that when C/Zr=1, the
carbonization of the fructose would form a honeycomb-like
skeleton structure, which was consistent with our previous
work on the internal structure of the sintered microspheres
obtained with sucrose [11]. When C/Zr =3, the micro-
structure was obviously refined, with a fine-grained core
and slightly coarse-grained shell, which was also observed
when sucrose was used. When C/Zr was greater than 4, the
microspheres exhibit uniformly fine structure (only the
images for C/Zr =6 and 8 are shown).

The formation of core—shell structure when C/Zr ratio
was relatively low has been explained as the high solubility
of the sucrose and fructose in water [11], which led to loss
of carbon in the outer section of the gel microspheres.
Comparing the microstructure of the present system with
that with sucrose indicates that the loss of carbon source
was significantly mitigated and the microstructure of the
current system was much refined. The total carbon content
of different processing stage of ZrC-ZrO, composite
microspheres (listed in Table 3) confirms this result. There

Table 2 The effect of C/Zr molar ratio on crystallite sizes of
ZrC—ZrO, composite microspheres

ClZr ZrO, (nm) ZrC (nm)

1 92.12+6.32 -

2 87.15+£6.26 -

3 44.73 +7.93 61.20+1.10
4 32.33+6.93 52.00+ 1.50
5 16.80 £4.30 64.53 £2.37
6 11.90+3.10 56.88 +2.88
7 19.20+0.70 59.62+4.32
8 24.30+0.50 57.62 +1.68

300pm

300pm

Fig. 9 The surface images of the ZrC—ZrO, composite sintered microspheres obtained with various C/Zr molar ratio in precursor solution: a C/Zr

=1;bC/Zr=3;¢ClZr=6;,d C/Zr=38
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Fig. 10 The cross-sectional images of the ZrC-ZrO, composite sintered microspheres obtained with various molar ratio of C/Zr in precursor

solution: a, e C/Zr=1; b, f C/Zr=3; ¢, g C/Zr=6;d, h C/Zr=8

Table 3 the total carbon content in different processing states of

ZrC—ZrO, composite microspheres(C/Zr = 6)

Carbon source Different processing state Total carbon

(Wt%)
Fructose Gel microspheres 27.21
Dried gel microspheres after 27.16
washing process
Sintered microspheres 21.32
Sucrose Gel microspheres 28.21
Dried gel microspheres after 23.76
washing process
Sinted microspheres 9.31

is no obvious change in total carbon content of the as-
prepared gel microspheres and that after washing and drying
when fructose was used as carbon source, contrasting that a
significant loss of carbon occurred after washing when
sucrose was the carbon source. Hence, higher carbon was
retained in the sintered microspheres, as shown in Table 3.

EDS scan of a microsphere with C/Zr =6, as shown in
Fig. 11, indicates homogeneous distribution of the elements
in the microsphere.

3.5 Effect of fructose on crush strength of ZrCO
microspheres

Figure 12 presents the crush strength of the microspheres as
a function of C/Zr ratio in the precursor solution. With the
increase in C/Zr, the crush strength decreased first and then
increased. That the crush strength at C/Zr=1 was sig-
nificantly higher than those with C/Zr>1 was due to the
small content of ZrC and the composite was dominantly

@ Springer

Fig. 11 Back scattered electron image (a) and the EDS scan (b, ¢, d) of
the cross-section of ZrC—ZrO, composite sintered microspheres with
C/Zr = 6 in the precursor solution

ZrO,, and the sintering of ZrO, could be achieved at the
heat treatment temperature. With the increase of C/Zr ratio,
although ZrO, was still the main phase in the composite,
ZrO, sintering was inhibited by carbon and isolated ZrC
which could not be sintered due to small content in the
microsphere. Further increase in C/Zr ratio led to increased
ZrC content, and sintering of ZrC could occur, and as a
result, a composite structure with ZrO,—ZrC was achieved.
The crush strength was still lower than that with C/Zr =1,
suggesting that the sintering of ZrC was not complete [11].
It is natural for such refractory material as ZrC that sintering
at 1550 °C would not lead to complete densification, hence
the low crush strength. Heat treatment at higher temperature
was not carried out due to limitation of our equipment.
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Fig. 12 Variation of the crush strength of sintered ZrC-ZrO, compo-
site microsphere with different C/Zr ratio

4 Conclusions

ZrC—ZrO, composite ceramic microspheres were success-
fully obtained by combining internal gelation and car-
bothermal reduction with the fructose acted as chelating
agent and carbon source. By using fructose the loss of
carbon source was greatly mitigated and the microstructure
of the ceramic microspheres was refined. The initial for-
mation of ZrC was apparent after heat treatment at 1400 °C;
and ZrC became the main phase after sintering at 1550 °C.
The mass fraction of ZrC in the ZrC-ZrO, composite
microspheres could reach more than 60% when the C/Zr
ratio was greater than 6 in the precursor solution. XRD
patterns and XPS analyses indicated that ZrC,O, was pro-
duced in the process of carbothermic reduction, and heat
treatment at higher temperatures was required to produce
near-stoichiometric ZrC with low oxygen content. The
microspheres had homogeneous distribution of ZrC and
ZrO, phases when using the fructose as the carbon source
with the C/Zr =35 and above.
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