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Abstract

Zirconium carbide doped carbon/carbon (ZrC–C/C) composites were prepared by the polymer impregnation and pyrolysis process. Carbon

fiber preforms were firstly immersed into zirconium acetate solution/phenolic resin impregnant, and then carbonized at 1000 8C. After four cycles

of impregnation/carbonization, they were finally graphitized at 2000 8C. The phase composition of the composites was examined by X-ray

diffraction. Microstructural characterization of the composites were investigated by scanning electron microscopy and transmission electron

microscopy. The results indicated that ZrC particles with sub-micron size were well dispersed in carbon matrix. ZrC particles were encapsulated by

highly oriented carbon, and there existed a well bonded interface between ZrC particles and highly oriented carbon. The formation mechanism of

the encapsulated structure was proposed.
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1. Introduction

Carbon/carbon (C/C) composites have many unique

properties, such as low density, low coefficient of thermal

expansion, high thermal conductivity, high modulus and

good thermal shock resistance [1–3]. These outstanding

properties make C/C composites one of the most promising

candidates for high temperature applications such as rocket

nozzles, re-entry heat shields, nose tips and leading edges

[4]. However, the use of C/C composites has been limited

because of oxidation above 500 8C in air [5]. It is necessary

to improve oxidation resistance for C/C composites in

oxidizing atmosphere at high temperature.

It has been proved effectively to improve the oxidation

resistance of C/C composites by doping refractory carbides

such as zirconium carbide (ZrC), hafnium carbide (HfC) and

tantalum carbide (TaC) [6]. ZrC is an advanced ceramic with a

high melting point (3540 8C), great hardness (25.5 GPa) and

excellent mechanical stability [7,8]. Compared to HfC (12.7 g/

cm3) or TaC (14.5 g/cm3), ZrC has a lower density (6.59 g/cm3)

[7,8]. Adding a certain amount of ZrC in C/C composites can
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get higher degree of graphitization and thermal conductivity,

better mechanical properties and oxidation resistance at a

certain heat treatment temperature [9–11]. The formation of the

zirconia (ZrO2) layer, which is caused by the oxidation of the

doped ZrC, is good to improve the anti-ablation property of C/C

composites. It effectively reduce the diffusion of oxygen and

the ablation rate. ZrC doped C/C (ZrC–C/C) composites can be

used as a new high-temperature structural materials.

Scientists have been looking for many methods to obtain

ZrC–C/C composites. Tong et al. [12] prepared pitch-derived

ZrC/C composites using Zr-containing pitch and petroleum by

hot-pressed technology. Gao et al. [11] prepared C/C

composites containing ZrC using chopped carbon fiber,

mesophase pitch and Zr powder by the traditional process

including molding, carbonization, densification and graphi-

tization. Shen et al. [13] reported that ZrC doped C/C

composites were produced by a series of procedures combined

with carbon felt immersing in zirconium oxychloride aqueous

solution, densification by thermal gradient chemical vapor

infiltration and then graphitization.

In this paper, ZrC–C/C composites were prepared by the

polymer impregnation and pyrolysis process. The microstruc-

tural characterization on the ZrC–C/C composites was deeply

investigated.
na Group S.r.l. All rights reserved.
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Fig. 1. Schematic preparation procedures of ZrC–C/C composites.
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Fig. 2. XRD patterns of ZrC–C/C composites.
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2. Experimental

2.1. Sample preparation

The needled carbon fiber preform fabricated by T300 PAN-

based carbon fibers (Toray, Japan) was formed by alternatively

stacked weftless plies and short-cut-fiber webs with a needle-

punching technique in Z direction. The impregnant was

prepared by mixing a certain amount of zirconium acetate

solution and phenolic resin, and heating to 100 8C under the

protection of nitrogen atmosphere.

Fig. 1 shows the schematic preparation procedure of ZrC–C/

C composites. The preform was impregnated in the impregnant

for 2 h and dried. The dried preform was placed in a furnace and

carbonized at 1000 8C in nitrogen atmosphere for 0.5 h. After

four general impregnation/carbonization cycles, the samples

were finally obtained by graphitization at 2000 8C in argon

atmosphere for 0.5 h.

2.2. Characterization

The phase identification of the composites was examined by

X-ray diffraction (XRD, Rigaku D/Max-B) using Ni-filtered Cu

Ka radiation at a scanning rate of 48/min and scanning from 108
to 1008 of 2u. Microstructural characterization of the

composites were observed by scanning electron microscopy

(SEM, JEOL, JSM-6360) and transmission electron micro-

scopy (TEM, 200KV Tecnai G2 20). TEM samples were

prepared by grinding a bulk sample of ZrC–C/C composites to

about 50 mm in thickness and then a 3 mm diameter disc was

cut out. The disc was subsequently dimpled and ion milled. The

chemical composition of the composites was analyzed by

energy dispersive spectroscopy (EDS, LINK-860).

3. Results and discussion

Fig. 2 shows the XRD patterns of ZrC–C/C composites.

Fig. 2(a) displays the XRD pattern of the composites

carbonized at 1000 8C for 0.5 h. It was found that the

composites were composed of carbon and ZrO2. It indicated

that the Zr compounds were fully converted into ZrO2 after

carbonization. The XRD pattern of the composites graphitized
at 2000 8C for 0.5 h is shown in Fig. 2(b). Compared with

Fig. 2(a), a sharper and higher carbon (0 0 2) peak at a slightly

higher angle and some characteristic (1 0 1) and (0 0 4) peaks

of graphite appeared on the XRD pattern in Fig. 2(b), which

was attributed to the graphitization of phenolic resin at high

temperature. On the other hand, only characteristic peaks of

ZrC and carbon were observed after graphitization at 2000 8C.

It indicated that ZrO2 was fully converted into ZrC and the

composites only consisted of carbon and ZrC. ZrO2 was

reported to react with graphite at a minimum temperature of

1300 and 1600 8C, and the reaction was as follows [14]:

ZrO2ðsÞ þ 3CðsÞ ¼ ZrCðsÞ þ 2COðgÞ (1)

XRD crystalline parameters of the composites were

calculated by the following formulas [15,16]:

g ¼ ð3:440 � d0 0 2Þ=ð3:440�3:354Þ (2)

La¼ 9:5=ðd0 0 2� 3:354Þ (3)

where d0 0 2 is the measured graphite interlayer spacing, 3.440

is the value for a carbon with no graphitic order, 3.354 is the

interlayer spacing of pure graphite, g is the degree of graphiti-

zation and La is the average crystallite diameter. Crystalline

parameters of ZrC–C/C composites were listed in Table 1. The



Table 1

Crystal parameters of ZrC–C/C composites.

Heat treatment temperature (8C) d0 0 2 (Å) g (%) La (Å)

1000 3.4267 15.46 130.7

2000 3.4122 32.3 163.2
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composites graphitized at 2000 8C exhibited higher degree of

graphitization and larger average crystallite diameter than those

carbonized at 1000 8C. It indicated that the microstructure of

the composites converted to more perfect graphite structure

during the heat treatment.

Fig. 3 shows the SEM fracture micrographs and EDS

patterns of ZrC–C/C composites. Fig. 3(a) displays the SEM

fracture micrograph of the carbon matrix. It was found that well

dispersed ZrC particles appeared in the carbon matrix of the
Fig. 3. SEM fracture micrographs and EDS patterns of ZrC–C/C composites.

(a) SEM fracture micrograph of carbon matrix, (b) SEM fracture micrograph of carb

fiber filaments.
composites. Many white ZrC particles with sub-micron size

were obeserved. In fact, ZrC was not white. The white ZrC

particles under SEM resulted from large contrast difference

between carbon and ZrC. As shown in Fig. 3(b), the pores

within the carbon filaments were filled with carbon matrix. The

elemental C and Zr were detected by EDS patterns (see

Fig. 3(c) and (d)), it indicated that the composites were

composed of ZrC and C. The result was in agreement with that

of XRD pattern (see Fig. 2(b)).

Fig. 4 shows TEM micrograph and selected area diffraction

(SAED) pattern of carbon fiber. It could be seen that the carbon

matrix was well-bonded to the carbon fiber, and the interface of

the carbon fiber and the matrix exhibited no evidence of the

delamination (see Fig. 4(a)). Some white ZrC particles

presented in the carbon matrix. As illustrated in Fig. 4(b),

(0 0 2), (1 0 0) and (1 1 0) planes with arc-shaped diffraction
on fiber filaments, (c) EDS pattern of carbon matrix, (d) EDS pattern of carbon



Fig. 4. TEM micrograph and SAED pattern of carbon fiber. (a) TEM micrograph of carbon fiber and (b) SAED pattern of carbon fiber.
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pattern were observed, which was attributed to the carbon fiber

with a high degree of graphitization [17].

Fig. 5 shows TEM micrographs and SAED patterns of the

ZrC–C/C composites. As shown in Fig. 5(a), a ZrC particle with
Fig. 5. TEM micrograph and SAED patterns of the ZrC–C/C composites. (a) Dark
the quasi-hexagonal structure was encapsulated in carbon

matrix, and a layered structure appeared around the particle.

The layered structure was composed of two zones. Zone I was

carbon matrix with disordered structure, Zone II was a highly
-field image, (b) SAED pattern of Zone I, (c) SAED pattern of interface area.
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oriented region. The lattice fringes of Zone II orderly arrayed

along the ZrC particle, and there was another lattice orientation

at the corner. Some pores presented between Zones I and II

might be caused by the volatilization of CO gas or the ion beam

thinning during the preparation of TEM sample. Compared

with the SAED of the carbon fiber (Fig. 4(b)), annular carbon

diffraction pattern of the Zone I could be seen in Fig. 5(b). It

was shown that carbon matrix was amorphous carbon with a

low degree of graphitization [17]. Fig. 5(c) shows a spot pattern

overlaid with rings of the interface area in Fig. 5(a), which

indicated the crystal lattice of ZrC and the polycrystalline arc of

carbon. By comparion with the SAED pattern of Fig. 5(b), the

arc-shaped carbon diffraction pattern of Fig. 5(c) indicated the

high degree of graphitization at the interface area [17]. It

indicated that ZrC particle was encapsulated by highly oriented

carbon, and there existed a well bonded interface between ZrC

particle and highly oriented carbon.

Fig. 6 shows HRTEM micrographs of the interface area in

Fig. 5(a). It could be observed that the interface area could be

divided into two areas of A and B. For Fig. 6(b) and (c), the

distance of ten selected lattice spacings of A area was 2.37 nm

corresponding to (2 0 0) ZrC and the distance of ten selected
Fig. 6. HRTEM micrographs of the interface area in Fig. 5(a). (a) HRTEM microgra

of B area.
lattice spacings of B area was 3.411 nm corresponding to

(0 0 2) graphite.

The difference in thermal expansion coefficient between the

ZrC and graphite was about 9 � 10�6 8C�1 [18]. Thermal stress

would appear at the interface between ZrC and carbon matrix

during the heat treatment temperature of 2000 8C. The stress,

which was induced from thermal mismatch due to the

difference of coefficient of thermal expansion between the

ZrC and carbon, would induce the disordered carbon along ZrC

particle to high oriented graphite. The whole catalytic

graphitization process might involve a dynamic thermody-

namic equilibrium between ZrC and carbon. So the formation

mechanism of the encapsulated layer structure was likely to be

the result of the stress graphitization. The stress-induced

evolution process of the encapsulated structure is described in

Fig. 7. The Zr compound was fully converted into ZrO2 particle

after carbonization. With the increasing temperature, the

diffusion-reaction between ZrO2 and amorphous carbon was

accompanied by corresponding decrease of ZrO2 particle and

increase of ZrC particle (Fig. 7(b) and (c)). At the same time,

CO gas volatilized and some pores were left (Fig. 7(c)). As

thermal stress increased at the interface between ZrC and
ph of interface area, (b) HRTEM micrograph of A area, (c) HRTEM micrograph



Fig. 7. Stress-induced evolution process of the encapsulated structure.
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carbon matrix during the heat treatment temperature, the

amorphous carbon along ZrC particle was induced to high

oriented graphite (Fig. 7(d)). As shown in Fig. 7(e), the

encapsulated structure composed of ZrC, high oriented

graphite, pores and amorphous carbon.

4. Conclusions

ZrC–C/C composites were prepared by the polymer

impregnation and pyrolysis process. The PAN-based carbon
fiber preforms were firstly immersed into zirconium acetate

solution/phenolic resin impregnant, and then carbonized at

1000 8C for four cycles. Finally, the densified composites were

graphitized at 2000 8C for 0.5 h.

The results demonstrated the existence of two phases in the

composites: carbon and ZrC. ZrC particles with sub-micron

size were well dispersed in carbon matrix. ZrC particles were

encapsulated by highly oriented carbon, and there existed a well

bonded interface between ZrC particle and highly oriented

carbon. A formation mechanism of the encapsulated layer
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structure was proposed. The thermal stress may induce the

disordered carbon along ZrC particle to high oriented carbon.
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