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Pyrolysis mechanism of ZrC precursor and fabrication of
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Abstract: C/C—ZrC composites were prepared by precursor infiltration and pyrolysis using the organic zirconium as precursor. The
conversion mechanisms of the precursors such as the thermal behavior, structural evolution, phase composition, microstructure,
composition of the precursors and products were analyzed by thermal gravimetric analyzer, Fourier transform infrared spectrometer,
X-ray diffraction and scanning electron microscope. The results indicate that the ZrC precursor transforms to inorganic ZrO, from
room temperature to 1200 °C, then reduces to ZrC at 1600 °C through the carbothermal reduction reaction. The microstructure of the
C/C—ZrC composites was also investigated. The composites exhibit an interesting structure, a coating composed of ZrC ceramic

covers the exterior of the composite, and the ZrC ceramic is embedded in the pores of the matrix inside the composite.
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1 Introduction

Carbon/carbon (C/C) composites have received
considerable attentions due to their excellent properties
such as high-temperature strength, low coefficient of
thermal expansion, high thermal conductivity and
outstanding thermal shock resistance [1-3]. However,
the rapid composites
high-temperatures has seriously limited their applications
[4,5]. Therefore, the improvement of ablation and

oxidation of the under

oxidation resistance of C/C composites has attracted
considerable attentions recently.
Silicon carbide can

protect  carbon/carbon

composites from oxidation at relatively lower
temperatures. However, silica readily vaporizes when the
temperature reaches 1600 °C [6]. Introduction of
ultra-high temperature ceramics (UHTCs) into these C/C
composites to improve their ablation and erosion
resistance is a
high-temperature performance [7,8]. Due to its high
melting point (3540 °C), good chemical inertness, low

evaporation rates, high hardness and good ablation

good method to improve the

resistance, ZrC is one of the most promising candidates
for ultra-high temperature applications to protect C/C

composites from ablation and erosion [9,10].

Up to date, various approaches have been developed
such as powder doping, chemical vapor infiltration and
liquid precursor impregnation, to introduce ZrC into C/C
composites, which have been widely studied in previous
works. LI et al [11] developed two-dimensional (2D)
C/ZrC-SiC composites fabricated by chemical vapor
infiltration (CVI) process combined with a modified
precursor infiltration and pyrolysis (PIP) method. LI et al
[12] reported 2D reinforced C/C—ZrC—SiC composites
prepared by isothermal chemical vapor infiltration (ICVI)
combined with reactive melt infiltration (RMI) process.
LI et al [13] prepared 3D C¢ZrC—SiC composites
through PIP process using a hybrid precursor containing
polycarbosilane and organic zirconium polymeric
precursor. Various organic zirconium precursors have
been used to produce ZrC ceramics. AMOROS et al [14]
and YU et al [15] used bis(cyclopentadienyl)-metal
dichloride (Cp,MCl,) as an alternative source of ZrC to
obtain SiC/C/ZrC ceramics. It is revealed that the
polymer-to-ceramic conversion was completed at 900 °C
obtaining amorphous ZrC ceramic. ZHAO et al [16] used
Zr(OC4Hy), and DVB as the zirconia and carbon
precursor to produce ZrC containing a small amount of

m-ZrOz.
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Although considerable achievements have been
acquired in this field, each of these processing methods
has disadvantages, such as high cost, difficulty in
controlling reaction conditions, and poor performance of
the composites. In this work, C/C—ZrC composites with
the well-distributed ZrC phase was prepared by PIP
using a novel laboratory synthesized organic zirconium
precursor. The conversion mechanisms of the precursors
such as the thermal behavior, structural evolution, phase
composition, microstructure, composition of the
precursors and products were investigated.

2 Experimental

2.1 Raw materials and processing

The precursor of organic zirconium (POZ, 29.4% Zr,
51.3% C, 12.6% O, 6.7% H (mass fraction)) was
provided by Central South University, China. To
investigate the pyrolysis mechanism, POZ was heat
treated in a graphite crucible in a high temperature
graphite resistance furnace at temperatures ranging from
300 to 2000 °C under vacuum at a rate of 10 °C/min.
After pyrolysis, the ceramic was cooled to room
temperature in the furnace. The C/C composites were
densified to about 1.40 g/cm’ from carbon fiber performs
by CVI with CHy, H, and N,. The C/C—ZrC composites
were fabricated by PIP with the organic zirconium
precursor at 1400—1600 °C. The PIP process was
repeated for ten times until the density of the C/C—ZrC
composites reached about 1.90 g/cm’.

2.2 Characterization

Thermal analysis of the precursors was investigated
with thermal gravimetric analysis (TGA, Netzsch STA
409EP, Netzsch, Germany SDT Q600 V8.0 Build 95) in
an argon atmosphere with a heating rate of 10 °C/min
from room temperature to 900 °C. Fourier transform
infrared spectroscopy (FTIR, Nicolet-6700, Madison,
US) analysis was performed on the precursor with KBr
plates for liquid samples and KBr discs for solid samples.
The phase compositions were characterized using X-ray
diffraction (XRD, D/max 2500, Rigaku, Japan) with Cu
K, radiation. Spectra was obtained by scanning from 10°
to 85° at 0.02° per step. Scanning electron microscopy
(SEM, Nova NanoSEM230, FEI, US) was used to
characterize the microstructure of the heat treated
samples. An accelerating voltage of 18 kV was used for
phase identification to allow for the adequate phase
contrast.

3 Results and discussion

3.1 Pyrolysis behavior of precursor
In order to understand the thermal behavior of POZ

during the pyrolysis process, TGA was measured and the
result is shown in Fig. 1. The TGA curve of the precursor
shows two important mass loss steps. The first one is
from room temperature to about 200 °C and the second
one is at the temperatures between 200 and 380 °C.
When the temperature is over 380 °C, the mass appears a
steady though slow decrease till 900 °C.
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Fig. 1 TGA curves of POZ from room temperature to 900 °C

It is observed that there was about 45% mass loss
ratio from room temperature to 200 °C. The other mass
loss ratio of 15% at 200—380 °C is due to the completely
decomposition of the organic component. At higher
temperatures the conversion into the inorganic state goes
on and the mass decreases very slowly until the
temperature is more than 900 °C. The assumption can be
further confirmed by the later results of the structural
evolution of POZ. The mass fraction of residual products
of POZ reaches about 37.6% at 900 °C.

FTIR spectra of POZ were thus measured from
room temperature to 900 °C to study the structural
evolution of POZ precursors during the pyrolysis process.
Figure 2 shows the FTIR spectra of the POZ sample
from room temperature to 900 °C. The peaks at 607 cm*
and 456 cm ' were characteristic of Zr—O and Zr—C
bonds, respectively, which exists from room temperature
to 900 °C. The absorption peaks at 3062, 2925, 2869,
1453, 1495, 734 and 697 cm ' indicate the existence of
benzyl in POZ molecule at room temperature.

After the heat treatment at 300 °C, all the absorption
peaks of benzyl are vanished. This phenomenon
indicates that most of the organic functional groups of
POZ are decomposed at relatively low temperature,
which well matches with the TGA results above. When
the sample is heated to 900 °C, only the peaks of Zr—O
and Zr—C are retained, and other bands such as 3389,
1633 and 1384 cm ' (attributed to —OH) are no longer
observed in the FTIR spectrum. It can be tentatively
proposed that the conversion of POZ from
organic to inorganic is completed below 900 °C. And the
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Fig. 2 FTIR spectra of POZ at room temperature and at

300—-900 °C

conversion from amorphous to crystalline phase during
the heat treatment will be further discussed by XRD
analysis.

In order to investigate the crystallization evolution
of POZ, XRD patterns of the samples were measured.
Figures 3 and 4 show the XRD patterns of the samples
obtained by pyrolyzing the precursor of POZ at
3002000 °C for 60 min, respectively.
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Fig. 3 XRD patterns of POZ after heat treatment at 300—
1200 °C

When the precursor is treated at higher temperatures,
the phase composition and crystal structure change
markedly (Fig. 4). The XRD patterns of this sample
show that the ZrC phase is formed at the temperature of
1400 °C. As the heat treatment temperature increases to
1600 °C, ZrC becomes the dominant phase, while the
phases of m-ZrO, and #-ZrO, almost disappear. When the
heat treatment temperature increases to 2000 °C, the
XRD pattern is basically in agreement with the typical
structure ZrC diffraction. There is no characteristic peak
related to m-ZrO, and ¢-ZrO,. And the diffraction peaks
are very sharp, indicating the good crystallinity of ZrC.
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Fig. 4 XRD patterns of POZ after heat treatment at 1200—2000
°C

Microstructures of the ceramics prepared by POZ
precursor after heat treatment at 1200—-2000 °C are
shown in Fig. 5. Figure 5(a) shows that the vast spherical
grain of ZrO, obviously exists on the surface of the
materials. In contrast, when the temperature increases to
1400—2000 °C, the small spherules disappear, and the
compactness of the materials is obviously increased. At
the same time, the crystallization becomes evident for
these products, and the crystallization degree increases
with the increasing of temperature. The microstructures
of these ZrC ceramics are compact. These observations
are consistent with the trends observed in XRD results
(Figs. 3 and 4).

It’s assumed that the POZ could be used to produce
ZrC ceramics. Combined with the results in this work,
the pyrolysis and ceramization process of POZ mainly
includes three stages from room temperature to 2000 °C.
First, the organic POZ precursor transforms to inorganic
ZrO, from room temperature to 1200 °C; then ZrO,
reduces to ZrC from 1200 to 1600 °C through
carbothermal reduction reaction; at last, ZrO, completely
reduces to ZrC, and the ZrC phase basically transforms
to crystalline phase from 1600 to 2000 °C. Therefore, the
C/C—ZrC composites are prepared by PIP at the
reasonable temperature of 1400—1600 °C.

3.2 Microstructure characterization of C/C-ZrC

composites

Unlike the C/C—ZrC composites prepared by PIP
using other organic zirconium precursors, the C/C—ZrC
composites produced in this work show an interesting
structure with ZrC coating as the outer layer and the well
distributed ZrC as ceramics phase matrix in the C/C
composites. The XRD pattern of the C/C—ZrC
composites surface is shown in Fig. 6. The strong peaks
corresponding to ZrC are detected. It reveals that the
surface of the composite is mainly composed of ZrC. No
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Fig. 5 SEM images of ceramic derived from POZ precursor at different temperatures: (a) 1200 °C; (b) 1400 °C; (c) 1600 °C;

(d) 2000 °C
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Fig. 6 XRD patterns of surface of composites

detectable C or ZrO, peaks are found in the XRD
patterns, which may be attributed to the carbothermal
reduction reaction of ZrO, at about 1600 °C in inert
atmosphere to form ZrC ceramics. Meanwhile the
existence of pyrolytic carbon in the C/C composites may
be beneficial to the carbothermal reduction reaction of
710,.

Figure 7 shows SEM images of the surface of the
C/C—ZrC composites. The ceramics grains in different
sizes are connected to each other and form a continuous
coating on the surface of the composite (Fig. 7(a)).
According to the XRD patterns of the composite surface
in Fig. 6, the small grains are composed of ZrC. The ZrC

Fig. 7 SEM images of surface morphology of C/C—ZrC
composites: (a) Low magnification; (b) High magnification
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ceramic coating is very rough, and some holes can be
found on the surface. The holes may be produced from
the carbothermal reduction reaction consuming some
pyrolytic carbon on the surface. To some extent, the ZrC
ceramic on the surface of the composites can protect the
material from ablation in a high-temperature
environment. Figure 7(b) shows the larger magnification
of the C/C—ZrC composites. Though the sizes of the ZrC
grains are not uniform, the crystallization performance is
very excellent.

Figure 8 shows the XRD phase analysis for the
cross-section of the composites. Compared with XRD
pattern shown in Fig. 6, it can be seen that a new carbon
phase is detected in the cross-section of the composites.
The peaks of carbon at 26.46° and 44.56° can be indexed
as graphitic (002) and (101) planes according to the
JCPDS cards No. 41-1487. The phase of ZrC is formed
due to the pyrolysis of the organic zirconium precursor
and the carbothermal reduction reaction of ZrO, with
PyC, while the carbon phase is from the carbon fibers or
PyC. There is no evidence to suggest that ZrO, phase
exists in the composites.
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Fig. 8 XRD patterns of cross-section of C/C—ZrC composites

The cross-section microstructure of the C/C—ZrC
composites before and after ablation is shown in Fig. 9.
As shown in Fig. 9, the ZrC ceramics mainly concentrate
in the pores of the composites to fill the holes and
grooves, which may provide tunnels for the oxygen
diffusion during the ablation process. Therefore, this
structure can efficiently protect the composites from
ablation. In the PIP process, the organic zirconium
precursor infiltrates the apertures of the C/C composite,
and then transforms into ZrC ceramics to fill the
apertures during the pyrolysis process. Thus, the
cross-section of the composite is compact.

According to the SEM and XRD results mentioned
above, a possible structure model can be tentatively
proposed for the C/C—ZrC composite. A coating
composed of ZrC ceramics can be observed on the

composite surface, which can protect the composite from
ablation during the test. Inside the composite, the ZrC
ceramics are embedded in the pores of the matrix. This
condition indicates that the small interspaces of the
composite are sealed by the ceramics, which can prevent
oxygen from ablating the matrix when the out-layer is
destroyed in high-temperature environments.
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Fig. 9 SEM images of cross-section morphology of C/C—ZrC
composites: (a) Low magnification; (b) High magnification

4 Conclusions

1) The transforming mechanism of ZrC from the
precursor was investigated by TGA, FTIR, XRD and
SEM. The yield of POZ was about 37.6% when the
heat-treatment temperature reached 900 °C.

2) The organic POZ precursor transformed to
inorganic ZrO, from room temperature to 1200 °C, then
710, reduced to ZrC from 1200 to 1600 °C through
carbothermal reduction reaction, at last ZrO, completely
reduced to ZrC crystalline phase from 1600 to 2000 °C.

3) C/C—ZrC composites were prepared by precursor
infiltration and pyrolysis using laboratory synthesized
organic zirconium as the precursor. The microstructure
of the C/C—ZrC composites indicates that the composites
exhibit an interesting structure, wherein a coating
composed of ZrC ceramics covers the exterior of the
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composite, and the ZrC ceramics are embedded in the
pores of the matrix inside the composite.
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