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Abstract

To satisfy the increasing demand for advanced materials with temperature capability of over 2000 8C for ultrahigh temperature and aerospace

applications, integer felt reinforced C/C–SiC–ZrC composites were prepared by isothermal chemical vapor infiltration (ICVI) combined with

reaction melt infiltration (RMI) method. The microstructure and ablation properties of the felt-based C/C–SiC–ZrC composites were investigated.

The ablation test was carried out under an oxyacetylene torch flame. The results indicate that the linear and mass ablation rates of the integer felt

reinforced C/C–SiC–ZrC prepared are greatly reduced compared with those of C/C composites and the co-addition of ZrC and SiC into C/C

composites effectively enhances their ablation resistance.
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1. Introduction

Carbon/carbon (C/C) composites possessing excellent

properties such as low density, high specific strength, high

thermal conductivity, resistance to thermal shock and ablation

are considered as one of the most promising materials for high

temperature applications [1–4]. However, there is an increasing

demand for advanced materials with temperature capability of

over 2000 8C for ultrahigh temperature and aerospace

applications, such as rocket engines, nose cones and leading

edges of hypersonic and re-entry type vehicles [5,6]. The rapid

oxidation and ablation of C/C composites at the eroding of the

ultrahigh temperature and high pressure flux have seriously

limited their application in advanced space systems [7,8]. It is

necessary to improve the ablation resistance of C/C composites

in an oxidizing atmosphere at high temperature.

A survey of literature [9–12] suggests that significant research

has been carried out on introducing refractory carbide/boride

ceramics (e.g. ZrC, HfC, TaC, ZrB2, etc.) into C/C matrix to obtain

composites with improved ablation resistance. ZrC is an advanced

ceramic with a high melting point (3540 8C), excellent chemical
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stability and resistance to thermal shock [13,14]. In addition, its

oxide can effectively reduce the diffusion of oxygen. Shen et al. [9]

prepared ZrC doped C/C composites using liquid precursor

impregnation and thermal gradient chemical vapor infiltration

(TCVI) process. Tong et al. [11] prepared pitch-derived ZrC/C

composites using Zr-containing pitch by hot-pressed technology

and the effect of the content of Zr and the dimension of particles on

the ablation behavior of composites up to 3000 8C was studied.

Wang et al. [15] prepared C/C–ZrC composites by RMI process

and studied their reaction kinetics and ablation properties.

Introducing ZrC into C/C composites has initially shown its

advantage in the improvement of ablation resistance.

In order to further improve the ablation resistance of C/C–

ZrC composites, SiC was added into the matrix by putting Si in

the infiltration powders. During infiltration process, Si addition

could improve the wettability between molten Zr and C/C

composites as well as react with C to form SiC in the matrix.

Under oxidizing environment, SiC can be oxidized to SiO2

oxide that has a melting point of 1723 8C. At an ablation

temperature higher than 2000 8C, molten SiO2 is expected to

bond with ZrO2 to seal the cracks and protect the fibers inside.

In this paper, integer felt reinforced C/C–SiC–ZrC composites

were prepared by ICVI combined with RMI method. The

microstructure and ablation properties of the C/C–SiC–ZrC

composites were investigated in detail.
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2. Experimental procedure

2.1. Material preparation

The porous integer felt reinforced C/C skeleton with a density

of 1.35 g/cm3 were prepared by the process of isothermal

chemical vapor infiltration (ICVI) to densify the carbon fiber

needled integer felt with a density of 0.17 g/cm3. Fig. 1 shows the

schematic diagram of the ICVI process. During ICVI process,

CH4 was used as the precursor with a flow rate of 5–10 L/min and

the furnace operated at 1050–1150 8C under the pressure of 5–

15 kPa for 30–40 h. Then the composites were graphitized at

2500 8C for 2 h in an inert atmosphere. All samples, with a size of

Ø30 mm � 10 mm, were polished with 400 and 800 grit SiC

paper firstly and then cleaned ultrasonically with ethanol and

dried at 100 8C for 2 h.

The integer felt reinforced C/C–SiC–ZrC composites was

prepared by a new RMI process with Zr, Si, C and ZrO2 powders

in argon at 2300 8C for 2 h. The precursor powders were mixed as

3Zr�5Si�C�0.2ZrO2 mole ratio. Then as-produced C/C compo-

sites were embedded in the pack mixture in a graphite crucible

and then put into an electric furnace. The furnace was heated up

to 2300 8C, with a heating rate of 9 8C/min, kept at that

temperature for 2 h, and then cooled down to room temperature

with a cooling rate of 4 8C/min. The whole heat-treatment was

carried out in an argon protective atmosphere.

2.2. Mechanical tests

To study the mechanical properties of the composites, 3-

points bending test was performed on an electronic universal

testing machine (CMT 5304, Suns Co. China). The load

velocity was 0.05 mm/min. The effective size of the samples

was 40 mm � 10 mm � 4 mm. The number of specimens used

in the tensile test was not less than five.

2.3. Ablation tests

The ablation behavior of integer felt reinforced C/C–SiC–

ZrC composites was tested with an oxyacetylene flame, which
Fig. 1. Schematic diagram of the ICVI process.
is close to the practical ablative situation for aerospace

materials. During the test, the samples with a size of

Ø30 mm � 10 mm were exposed to the flame. The pressure

and flux of O2 were 0.4 MPa and 0.21 L/s, and those of C2H2

were 0.095 MPa and 0.155 L/s, respectively. The inner

diameter of the nozzle was 2 mm and the distance between

the nozzle tip and the sample was 10 mm. Sample was fixed in a

water cooled copper concave fixture and exposed to the flame in

the atmosphere for 20 s, 30 s and 60 s, respectively. The highest

temperature of the oxyacetylene flame that was measured by an

optical pyrometer reached as high as 2300 8C. The ablation

performance was evaluated through the linear ablation rate and

mass ablation rate. The final ablation rates of the samples were

the average of no less than three samples.

2.4. Characterization

Phase analysis of integer felt reinforced C/C–SiC–ZrC

composites was carried out by X-ray diffraction (XRD, Philips

X’ Pert MPD, Holland) using Cu as anode material and graphite

monochromator. The microstructure and morphology of the

composites were analyzed by a field emission scanning electron

microscopy (FESEM, Zeiss-Supra 55) combined with an

energy dispersive spectroscopy (EDS, Oxford-INCAPenta-

FET_3) for chemical analysis. The density of the samples was

measured with the Archimedes method.

3. Results and discussion

3.1. Microstructure of the composites

Comparing with two-dimensional (2D) and three-dimen-

sional (3D) carbon fiber perform, integer felt perform has a more

uniform fiber distribution. Therefore, in order to prepare the

porous C/C skeleton with a uniform porosity distribution, carbon

fiber needled integer felt perform was used as reinforcement of

the C/C–SiC–ZrC composites in this study. The integer felt

perform was firstly infiltrated with carbon by ICVI process to

form a porous C/C skeleton. The density of the as-prepared

porous C/C skeleton was controlled to be 1.35 g/cm3. Fig. 2

shows the morphology of the porous integer felt reinforced C/C

composites. Fig. 1(a) displays that the as-prepared composites

have homogeneous microstructure and uniform porosity

distribution. During ICVI process, pyrolytic carbon (PyC)

uniformly deposited on the surface of the fibers of the integer felt

and the large holes among the fibers were not fully filled with

PyC, so voids were formed. The morphology of individual fibers

is shown in Fig. 1(b). It is clear that the thickness of PyC on the

surface of fibers is about 10 mm and the fibers distribute

disorderly. The continuous open voids that mainly distribute

among carbon fibers can be conjectured to be the accesses for the

infiltration of molten powders during RMI process.

Fig. 3 shows the XRD patterns of C/C–SiC–ZrC composites.

Fig. 3(a) reveals that the surface of the composites is composed

of SiC and ZrC. It is noticeable that no C peck is seen on the

XRD pattern, which means that the surface of the composites is

completely covered by SiC and ZrC layer. During RMI process,



Fig. 2. Morphology of the porous integer felt reinforced C/C composites: (a) voids distribution; (b) magnification of (a).
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Si and Zr powders have reacted with C contained in precursor

powders and C/C matrix. The following reactions would

happen [16,17]:

SiðlÞ þ CðsÞ ¼ SiCðsÞ (1)

ZrðlÞ þ CðsÞ ¼ ZrCðsÞ (2)

Fig. 4(a)–(d) shows the microstructure and EDS analysis of

the C/C–SiC–ZrC composites in different positions. It is clear

that the structure of the composites is gradiently changed from

dense outer layer to the porous internal layer. The surface of the

composites (Fig. 2(a)) is covered by a dense coating that is

composed of two kinds of crystalline particles characterized as

grey and white in the coating. By EDS analysis, the grey and

white phases can be distinguished as SiC and ZrC, respectively,

which was in accordance with the XRD result. Cross-section

SEM image (Fig. 4(b)) shows that the ZrC–SiC coating on the

surface was about 80 mm in thickness without penetrable cracks

or large holes because all the cracks can be prevented by the

crystal particles of ZrC. The composition variations of C, Si and

Zr are shown in Fig. 5. It is clear that the phases of SiC and ZrC

disperse equably in the coating and many have infiltrated into

the interior of the composites and that the content of element Si

in the transition layer and on the surface of the coating is higher

than that in other areas. The distribution of element Si,

representing SiC, at the bonding site and in the interior of the

matrix leads to the good combination between the coating and
Fig. 3. XRD patterns of the integer felt reinforced C/C–SiC–ZrC composites

before (a) and after (b) ablation.
matrix, because the CTE of SiC is similar to that of C/C

composites. The ZrC–SiC coating acts as an oxygen diffusion

barrier for C/C–SiC–ZrC composites and reacts with oxygen to

form zirconium dioxide (ZrO2) and silicon dioxide (SiO2) in

oxyacetylene flame, which grows rapidly in volume to plug the

cracks, preventing the substrate’s ablation in this way.

Therefore, the dense ZrC–SiC coating that can be obtained

by RMI process is expected to have a better anti-ablation

property for C/C–SiC–ZrC composites.

Individual carbon fibers after infiltration can be seen in

Fig. 4(c) and (d), which are located at the inner and center

position of the composites, respectively. The interesting feature

is that the surface of the individual carbon fibers is also covered

by a dense coating composed of ZrC and SiC, and these particles

are not simply physically adhered to the fiber surfaces but truly

chemically bonded to the fiber surfaces due to the participation of

carbon from the fiber surface in the active carbothermal reaction.

During the heat treatment of RMI process, Si and Zr in the

original precursor powders melted and penetrated readily into the

porous C/C skeleton obtained by ICVI process. Simultaneously,

SiC and ZrC were formed by the in situ carbothermal reaction

between Si, Zr and C contained in the matrix. Fig. 4(b)–(d) also

indicate that the amount of SiC and ZrC formed inside the

composites reduces gradually with the increase of infiltration

depth, which leads to the increase of the residual voids. The

matrix under the coating is very dense, still many white ZrC

phases exist on the surface of inner fibers but only a small amount

of ZrC particles form on the surface of center fibers. This could be

attributed to the in situ reaction occurring to molten Si and Zr

during their infiltration into the porous C/C matrix, the formation

of SiC and ZrC closing the open pore structure at the front surface

and preventing further infiltration.

3.2. Mechanical properties of the composites

The apparent density and bending properties of C/C and C/

C–SiC–ZrC composites are shown in Table 1. It displays that

the apparent density and bending strength of the C/C–SiC–ZrC

composites increase by about 51.1% and 9.33% than those of C/

C composites, respectively.

The reinforcing mechanisms of the composites were studied

via stress–strain curves and SEM morphology analysis (Fig. 6).

Fig. 6(a) shows the stress–strain curves of the two kinds of



Fig. 4. SEM morphology and EDS analysis of integer felt reinforced C/C–SiC–ZrC composites: (a) surface; (b) cross-section; (c) inner fibers; (d) center fibers.
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composites. It indicates that all composites present pseudo-

plastic type damage without catastrophic failure in bending

process. However, the fracture strain of C/C–SiC–ZrC compo-

sites decreases after infiltration. The morphology analysis of

fracture surfaces of the composites are shown in Fig. 6(b). It is

clear that pullout length of fibers of C/C–SiC–ZrC composites is

much smaller than that of C/C composites, which validate the

decrease of fracture strain in another way. Hence, the RMI

process could affect the reinforcing effect.
Fig. 5. Cross-section linear EDS analysis of the in
3.3. Ablation properties of the composites

The dimension change of the samples before and after

ablation test was measured to obtain the linear ablation rate.

The mass ablation rate was determined by the weight change of

the samples before and after ablation. The results are listed in

Table 1. It can be seen that the mass and linear ablation rates of

C/C–SiC–ZrC composites are much lower than those of C/C

composites after ablation for 30 s. And within the 60 s of the
teger felt reinforced C/C–SiC–ZrC composites.



Table 1

Density, mechanical and ablation properties of the C/C composites and C/C–SiC–ZrC composites.

Materials Initial density

(g/cm3)

Final density

(g/cm3)

Bending strength

(MPa)

Linear ablation rate

(�10�3 mm/s)

Mass ablation rate (�10�3 g/s)

20 s 30 s 60 s 20 s 30 s 60 s

C/C 1.35 1.35 50.39 – 3.00 – – 1.13 –

C/C–SiC–ZrC 1.35 2.04 55.09 0.50 2.33 2.67 �0.01 0.69 0.57
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test, the linear ablation rate of the C/C–SiC–ZrC composites

increased with time and the mass ablation rate increased firstly

and then decreased.

3.4. Ablation process and mechanism of the composites

Fig. 7 shows the morphology and EDS analysis of two kinds

of composites in the center and outer region after ablation for

different times. The erosion morphology of ablation center

region of C/C composites after ablation for 30 s is shown in

Fig. 7(a) and (b). Through the comparison with Fig. 2(a) and

(b), it is found that grievous erosion occurred at the weak points,

such as voids, cracks, carbon fibers and fiber–matrix interfaces.

The carbon fibers became rough and the voids enlarged because

of the oxidation and denudation during the ablation process.

However, the ablation surface of the integer felt reinforced C/C

composites is very smooth without typical ablation crater.

The morphology and EDS analysis of the C/C–SiC–ZrC

composites after ablation for different times are shown in

Fig. 7(c)–(h). At the ablation center (Fig. 7(c), (e) and (g)),

there is a glass-like protective layer. XRD and EDS patterns of

the ablated samples (Figs. 3, 7(e) and (g)) indicate that the
Fig. 6. Mechanical properties of C/C and C/C–SiC–ZrC composites: (a) stress–st

composites; (c) SEM photograph of fracture surface of C/C–SiC–ZrC composites.
glass-like layer consists of a mixture of ZrO2 and SiO2. Hence,

it can be deduced that the following reactions would happen

during the ablation process [9,18–20]:

SiCðlÞ þ 2O2ðgÞ ¼ SiO2ðlÞ þ CO2ðgÞ (3)

2SiCðlÞ þ 3O2ðgÞ ¼ 2SiO2ðlÞ þ 2COðgÞ (4)

2SiO2ðlÞ þ SiCðlÞ ¼ 3SiOðgÞ þ COðgÞ (5)

ZrCðsÞ þ 2O2ðgÞ ¼ ZrO2ðsÞ þ CO2ðgÞ (6)

2ZrCðsÞ þ 3O2ðgÞ ¼ 2ZrO2ðsÞ þ 2COðgÞ (7)

According to the above formulas, ZrC and SiC will react with

oxygen in the flowing gas to form ZrO2 and SiO2 during the

ablation process. It is well known that ZrO2 usually exhibits a

loose and porous structure. However, ZrO2 could be more stable

on the ablated surface with the aid of SiO2 melt [21]. In

addition, the center of the ablated sample has the highest

temperature of about 2300 8C, where SiO2 and ZrO2 can be

sintered together to form a dense layer that can block the

conducted heat and resist the ultrahigh temperature scouring

of oxyacetylene flame. At the beginning of the ablation, the
rain curves of bending load; (b) SEM photograph of fracture surface of C/C



Fig. 7. Ablation morphology and EDS analysis of two kinds of composites after ablation for different time: center region of C/C composites after ablation for 30 s (a)

and (b); center and outer region of C/C–SiC–ZrC composites after ablation for 20 s (c) and (d), for 30 s (e) and (f), and for 60 s (g) and (h).
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oxidation of SiC and ZrC led to a net mass gain due to the

dominance of the passive thermal–chemical reaction on the

surface of the samples, so the mass ablation rate is negative and

the surface of the sample is slightly ablated in the first 20 s

(Table 1 and Fig. 7(c)). With the ablation time extending, the

dense oxide layer was later destroyed because of the extrava-

sation of CO and SiO (Reaction (5)) and the denudation by high

temperature and high speed flame. Then the SiC layer beneath

the as-destroyed SiO2 film was exposed, and a new SiO2 film
would be formed on the SiC coating surface as a result of

Reactions (3) and (4). Through the process of these cycles, the

alternate occurrence of the gasification and regeneration of

SiO2 film resulted in the decreasing thickness and mass of the

composites (Table 1). Moreover, the evaporation of the SiO2

melt occurred and consumed most of the conducted heat in this

area. As is indicated by Fig. 7(g), there is a larger content of

ZrO2 remaining after ablation for 60 s due to the oxidation and

denudation of SiC on the surface of coating, which is helpful to



1
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resist the further ultrahigh temperature scouring of oxyacety-

lene flame to the molten SiO2 layer. Some microcracks can be

seen in the ablation center region (Fig. 7(e)), but they might be

self-sealed when the sample was heated again due to their small

size and the good fluidity of SiO2 glass at high temperature.

Therefore, they have little effect on the ablation protection of

the composites.

In the outer region near to the ablated center (Fig. 7(d), (f)

and (h)), the surface of the composites is covered by a white

layer which has a very different morphology due to a different

ablation time. The samples in this area endure lower

temperature, flow rate and pressure compared with the center

region due to the deviation from oxyacetylene flame center.

Thus, the effect of ablation behaviors is weakened. It can be

seen that the layer is very thin after ablation for 20 s and the

surface of the composites is slightly oxidized, which may be

caused by that the ablation time was short and the temperature

of composite surface had not reached the value needed for

active oxidizing reaction. After ablation for 30 s, there are glass

phases with some bubbles and pores in this area (Fig. 7(f)). The

EDS analysis indicates that the glass phases are SiO2 combined

with ZrO2. The layer of the mixture of SiO2 and ZrO2 can

prevent the samples from being further ablated. It could be

deduced that oxidation of SiC becomes active according to

Reactions (3) and (4) and the volatilization of SiO according to

Reaction (5) results in the bubbles on the surface. As is shown

in Fig. 7(h), a dense oxide layer can be seen on the surface after

ablation for 60 s. It can be inferred that with the extension of

ablation time, the SiO2 and ZrC generated by the reactions

increased gradually in amount and was not scoured off by flux

due to the low speed and low pressure of the flame here. This

dense oxide layer could effectively protect the samples from

further ablation under oxyacetylene flame.

4. Conclusions

A kind of integer felt reinforced C/C–SiC–ZrC composites

was prepared by isothermal chemical vapor infiltration (ICVI)

combined with reaction melt infiltration (RMI) method in this

study. The composites obtained consisted of C, SiC, and ZrC.

There is a dense ZrC–SiC coating formed on the surface of the

composites as well as on the surface of the individual fibers.

The ablation properties of the composites were tested by an

oxyacetylene flame for 20 s, 30 s and 60 s. The morphology of

the ablated samples was analyzed. The results indicate that

integer felt reinforced C/C–SiC–ZrC composites possess better

ablation properties than C/C composite ablated for 30 s, and the

linear and mass ablation rates of the C/C–SiC–ZrC composites

after ablation for 60 s are 2.67 � 10�3 mm/s and

0.57 � 10�3 g/s, respectively. The dense ZrC–SiC coating

and its glass-like oxide layer formed during ablation process

effectively enhance the ablation resistance of the composites.
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