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Abstract

Two-dimensional (2D) C/SiC–ZrB2–TaC composites were fabricated by chemical vapor infiltration (CVI) combined with slurry paste (SP)

method. 2D laminate was prepared by stacking carbon cloth that was pasted with a mixture of polycarbosilane–ZrB2–TaC slurry. A small amount of

carbon fiber tows were introduced into the preform in the vertical direction. After heat-treated at 1800 8C, the 2D laminate was densified with SiC

by CVI to obtain 2D C/SiC–ZrB2–TaC composites. Properties including flexural strength, interlaminar shear strength, and thermal expansion of the

composites were investigated. The ablation test was carried out under an oxyacetylene torch flame. The morphologies of the ablated specimens

were analyzed. The results indicate that the adding vertical fiber tows and heat-treatment at 1800 8C can greatly improve the mechanical properties

of the composites. The co-addition of TaC and ZrB2 powders into C/SiC composite effectively enhance its ablation resistance.
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1. Introduction

Carbon fiber reinforced silicon carbide (C/SiC) composites

have many excellent properties such as low density, high

thermal conductivity, good thermal shock tolerability, and

excellent high-temperature strength. Particularly, C/SiC com-

posites show excellent oxidation and ablation resistance at

temperatures below 1700 8C due to the formation of protective

silica layer [1–4]. These excellent properties render them as

potential materials for applications in aircraft and aerospace

filed as engines, nose caps, leading edges, nozzles, and thermal

protection systems for reusable space vehicles [5,6]. However,

advanced space vehicles that will fly at hypersonic speed

require the materials capable of prolonged operation in

oxidizing atmosphere above 2000 8C [7]. C/SiC composites

cannot meet the requirements because the protecting silica

layer becomes active at such high temperatures, leading to the

rapid ablation at the scouring of the ultrahigh temperatures and

high pressure flux. It is necessary to improve their ablation

resistance at ultrahigh temperatures.

Many efforts have been made to improve the ablation

resistance of C/SiC composites either by creating ablation-
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resistant matrix or by applying ablation-resistant coatings [8–

10]. Although ultrahigh-temperature coatings can enhance the

ablation resistance of composites in short term, the ablation-

resistant matrix is required for the prolonged operation at

ultrahigh temperatures. Introducing refractory carbide/boride

compounds into C/SiC composites is one of the widely used

methods to improve the ablation resistance of the matrix. The

refractory carbide/boride compound such as ZrB2 or TaC was

introduced into C/SiC matrix by slurry infiltration (SI) or by

fiber-powder molding technique [11–17]. The content of the

refractory compounds introduced by these methods is so

limited that the ablation resistance of C/SiC composites cannot

be obviously improved. A new method of slurry paste (SP)

combined with CVI has been developed to introduce ZrB2 into

C/SiC composites. The ablation resistance of the obtained C/

SiC–ZrB2 was enhanced [18]. ZrB2 was oxidized to ZrO2 at

ablation environments. Although ZrO2 has a very high melting

point (2715 8C), it is easily blown off the substrate under high-

speed air scouring in the ablated area. The carbon fibers become

uncovered, leading to acceleration in ablation.

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

ZrB2 composites, TaC was added to the ZrB2–SiC matrix.

Under oxidizing environments, TaC can be oxidized to Ta2O5

oxide, which has a melting point of 1870 8C. At ablation

temperature higher than 2000 8C, Ta2O5 melt is expected to

bond ZrO2, to seal the cracks, and to protect the fibers inside. In
d.
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this paper, 2D C/SiC–ZrB2–TaC composites were fabricated by

SP combined CVI method. The ablation behavior of the

obtained composites was tested. The results showed the

increase in the ablation resistance by the addition of TaC in the

matrix.

2. Experimental process

2.1. Composite preparation

The T-300TM plain woven carbon cloth (fiber volume

fraction �40%, HTA-1000, TOHO, Japan) was cut into

100 mm � 100 mm pieces. A thin pyrocarbon layer was

deposited on the fiber cloth by chemical vapor deposition at

960 8C using propane (C3H6) as precursor, followed by

graphitization treatment at 1800 8C in argon atmosphere to

obtain a weak interphase. TaC powder (Fernandez size

0.91 mm, Ningxia Orient Tantalum Industry Co., Ltd., Ningxia,

China), ZrB2 powder (particle size�0.5 mm, Beijing Mountain

Technical Development Center for Non-Ferrous Metals,

Beijing, China), and liquid polycarbosilane (LPCS, Laboratory

of Advanced Materials at Xiamen University, Xiamen, China)

with a mass ratio of 1:1:4 were sufficiently mixed, and then

pasted uniformly on each sheet. These sheets were stacked

along the directions of woven cloth. A small amount of carbon

fiber tows were introduced into the 2D laminate along the

vertical direction. Subsequently, the preform with the slurry

was thermal cured at 170 8C for 6 h under a pressure of 0.2 kPa,

followed by pyrolysis at 900 8C for 4 h and heat-treatment at

1800 8C for 2 h. After that, CVI was used to introduce the SiC

into the composites. The infiltration process was carried out at

1000 8C using methyltrichlorosilane (MTS, CH3SiCl3) as

precursor. The as-fabricated composites were machined to

the desired shapes for mechanical and ablation tests.

2.2. Tests and characterization

The flexural strength was measured using a three-point

bending test (SANS CMT 4304, Sans Testing Machine, Shen

Zhen, China) with a span of 30 mm. At least three samples with

a dimension of 40 mm � 5 mm � 3.5 mm were used for the
Fig. 1. (a) Cross section of 2D C/ZrB2–SiC–TaC with ED
test. The loading rate was 0.5 mm/min, and the loading direction

was parallel to the stacking direction of 2D C/SiC–ZrB2–TaC.

The force–displacement curves were recorded by computer. The

interlaminar shear strength (ILSS) was measured by double-

notched shear (DNS) method according to the standard of ASTM

C1425-05. At least three samples with double notches were used

in the test. The distance between two notches was 6 mm, and the

depth of each notch was one half of the specimen thickness. The

ablation tests were carried out in a vertically jetted flowing

oxyacetylene torch environment. The exposure time under the

torch flame was 20 s. At least three samples with a dimension of

K30 mm � 5 mm were used in the test. Further detail about the

test process was described elsewhere [10]. The temperature

distribution on the sample surface was calculated using the

FLUENT software based on the method of Gibbs free energy

minimization. It was assumed that there was no friction between

the flowing gas and equipment tube. The results showed that the

heat flux was about 4200 kW/m2 (�10% error) and the

temperature in the center of the sample was about 3000 8C,

which was in accordance with the measured temperature by the

multiwavelength pyrometer [19].

The coefficient of thermal expansion (CTE) of the sample

was measured by thermal dilatometer (DIL 402 C, Netzsch,

Selb, Germany). The testing temperatures ranged from room

temperature to 1350 8C. The ramping rate was 3 K/min and

high-purity argon was used as protecting gas with a velocity of

50 ml/min. The phases of composites were analyzed by X-ray

diffraction (XRD, Rigaku D/max-2400, Tokyo, Japan) with Cu

Ka radiation. Data were digitally recorded in a continuous scan

mode in the angle (2u) range of 10–808 with a scanning rate of

0.128/s. The microstructures of the specimens were observed by

scanning electron microscope (SEM, JEOL 6700F, Tokyo,

Japan) and the elemental analysis was conducted by energy

dispersive spectroscopy (EDS). The density of the samples was

measured by the Archimedes method with distilled water.

3. Results and discussion

The cross-section of the C/SiC–ZrB2–TaC composites is

shown in Fig. 1. It can be seen that the areas between the fiber

bundles (Fig. 1a) are filled by the slurry as well as the fiber tows
S analysis; (b) 2000� partial enlarged pattern of (a).
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inside (Fig. 1b). There are seldom large pores existing in the

matrix. Only a mount of small pores in the fiber bundles could

be found. During pyrolysis of the polymer precursor at high

temperatures, a large number of volatile gases evaporate out

[20]. The evaporation will produce the diffusion channels for

further CVI SiC to densify the composites. A relatively dense

composite can be obtained. EDS analysis (Fig. 1a) shows that

the filled substances in the inter-bundle areas have a

composition of B, C, O, Si, Ta, and Zr. It is believed that

the substances are composed of ZrB2, TaC, ZrO2, Ta2O5, and

SiC. ZrB2 and TaC are the fillers. ZrO2 and Ta2O5 are impurities

on the surfaces of the fillers. SiC is deposited by CVI process,

which will fill the pores or channels between the fibers and in

the fillers.

A typical flexural strength–deflection curve of C/SiC–ZrB2–

TaC composites is shown in Fig. 2a. As comparison, the

strength–deflection curve of C/SiC–ZrB2 composites is also

shown in Fig. 2a [18]. The flexural strength of C/SiC–ZrB2–

TaC is calculated to be 255 � 15 MPa. The fracture behavior of

the composites shows a typical pseudo-plastic deformation.

There is no catastrophic failure behavior, which is attributed to

the fiber pull-out during the deformation process (Fig. 2b).

Compared with our previous research on C/SiC–ZrB2 [18],

both the strength and the ductility of C/SiC–ZrB2–TaC are

enhanced. The heat-treatment of the composites at 1800 8C is

the reason. At 1800 8C, LPCS can promote the sinterability of

ZrB2–TaC powders by removal of the oxide scales on the

starting powders and by the formation of volatile silicon at high

temperatures [21], which will benefit for the strength of the

matrix. Despite the heat-treatment at 1800 8C, the fibers are

well protected during slurry paste, heat-treatment, and CVI

process (Fig. 2c).
Fig. 2. (a) Typical strength–displacement curves of fracture of C/SiC–ZrB2–TaC co

TaC composite; (c) 2000� partial enlarged fracture surface.
The interlaminar shear strength of C/SiC–ZrB2–TaC

composite is calculated to be 27.4 � 5.1 MPa. The value is

about twice of the interlaminar shear strength of the C/ZrB2–

SiC composite that is puncture-free along the vertical direction

[18]. As shown in Fig. 3a, the shear failure occurs along the

plane between the ends of the two notches. The shear surface

goes through the SiC–ZrB2–TaC matrix and along the interface

between the carbon sheets (Fig. 3b). It is believed that the

addition of vertical fiber tows and heat-treatment at 1800 8C are

the reasons for high interlaminar shear strength of C/SiC–

ZrB2–TaC. As aforementioned, the heat-treatment at 1800 8C
will increase in the strength of the SiC–ZrB2–TaC matrix. The

vertical fiber tows can enhance the connection between the

carbon sheets. The interlaminar shear strength of the

composites is thus obviously improved.

The CTE of C/SiC–ZrB2–TaC is measured to be 3.2 � 10�6/

K. It is close to the value of 2D C/SiC (3.0 � 10�6/K) [22],

which was fabricated by the same CVI process as C/SiC–ZrB2–

TaC. It indicates that the adding refractory carbide powders into

the C/SiC composites do not obviously affect on their thermal

expansion properties. However, the calculated CTE of C/SiC–

ZrB2–TaC is about 3.7 � 10�6/K according to the mixture rule,

higher than the value of 3.2 � 10�6/K. It is believed that the

interface of the composites should determine the CTE of the

composites. As shown in Fig. 1, the SiC is uniformly deposited

on the pyrolytic carbon coated carbon fibers. The basic

interface is still carbon fiber/pyrolytic carbon/SiC, similar to

2D C/SiC composites. The CTE of C/SiC–ZrB2–TaC is thus

same as that of C/SiC composites. Similar phenomena were

also observed in other studies [23,24].

The ablation properties of C/SiC–ZrB2–TaC composites

were tested by exposure of the composites to an oxyacetylene
mposite and C/SiC–ZrB2 [18]; (b) flexure fracture surface of 2D C/SiC–ZrB2–



Fig. 3. Morphologies of the interlaminar shear fracture of 2D C/SiC–ZrB2–TaC: (a) macro photograph; (b) interlaminar shear fracture surface.

Table 1

The linear ablation rates of C/SiC, C/SiC–ZrB2, C/SiC–TaC and C/ SiC–ZrB2–TaC.

Sample Line-ablation rate (mm/s) Density (g/cm3) Open porosity (%)

C/SiC [8] 0.083 2.37 10

2D C/ZrB2–SiC [18] 0.066 2.10 –

2D C/SiC–TaC [8] 0.038 3.03 13

2D C/SiC–ZrB2–TaC 0.026 2.35 11.5
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torch flame for 20 s. The linear ablation rate of the C/SiC–

ZrB2–TaC is listed in Table 1. The linear ablation rate was

calculated by the eroded depth at the ablation center dividing

the ablation time. As comparison, the linear ablation rates of C/

SiC, C/SiC–ZrB2, and C/SiC–TaC are also listed in Table 1. As
Fig. 4. (a) Simulation for the temperature distribution of the ablation sample by F

pattern of 2D C/ZrB2–SiC–TaC composite after ablation for 20 s.
can be seen, co-addition of ZrB2 and TaC can greatly increase

the ablation resistance of C/SiC composites.

As shown in Fig. 4b, the composites are well protected after

ablation, and no large-scaled bareness or erosion of fibers can

be found. There are three obvious regions on the surface of the
LUENT software; (b) macro photograph of the sample after ablation (c) XRD



Fig. 5. Morphologies of the samples after ablation: (a) the morphology of the ablated area at the border between region II and region III; (b) nude fibers in ablation

central; (c) dense oxide coating in ablation center; (d) 5000� partial enlarged morphology of the dense coating at ablation center.
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tested sample: the ablation center (region I) that was seriously

ablated; the transition region (region II); and the ablation fringe

(region III) that was slightly eroded. As indicated by the

calculated results (Fig. 4a), the temperature at the center of

ablated sample is about 3000 8C, while the temperatures in

region III are less than 1800 8C. XRD result (Fig. 4c) indicates

that the oxides on the ablated surface are mainly Ta2O5, ZrO2,

and SiO2. It is believed that the following reactions would

happen during the ablation process:

SiCðsÞ þ O2ðgÞ ! SiO2ðlÞ þ COðgÞ (1)

SiCðsÞ þ O2ðgÞ ! SiOðgÞ þ COðgÞ (2)

SiO2ðlÞ þ COðgÞ ! SiOðgÞ þ CO2ðgÞ (3)

ZrB2ðsÞ þ O2ðgÞ ! ZrO2ðlÞ þ B2O3ðgÞ (4)

4TaCðsÞ þ 7O2ðgÞ ! 2Ta2O5ðs; lÞ þ 4COðgÞ (5)

The morphology of the area at the border between region II

and region III is shown in Fig. 5a. It can be seen that there are

glass phases with some bubbles and pores in this area. The EDS

analysis indicates that the glass phases are silica combined with

zirconia. The layer of the mixture of silica and zirconia can

prevent the samples from being further ablated. As indicated by

Fig. 4a, the temperatures close to region II are higher than

1800 8C, at which the oxidation of SiC becomes active

according to reactions (2) and (3). The volatilization of SiO and

B2O3 (according to reaction (4)) results in the bubbles in

Fig. 5a. As the temperature becomes higher, the evaporation of

SiO becomes more seriously so that there is less silica visible

close to the ablation center.
At the ablation center (region I), there are two kinds of

morphologies: one is the uncovered fibers with a few oxides on

them (Fig. 5b), and the other is the fibers with a compact oxide

layer covered (Fig. 5c). As indicated by EDS analysis, the main

phases of the dense layer and the substances on the uncovered

fibers are Ta2O5 and ZrO2. The different morphologies in the

ablation center are caused by the small content of TaC in the

matrix and the uneven distribution of the TaC filler. As

calculated, the content of TaC in the C/SiC–ZrB2–TaC

composites is only 2.4 vol.%. In the TaC-lean area, ZrB2 is

oxidized according to reaction (4). The ZrO2 can protect the

fiber from being ablated. However, ZrO2 with a loose structure

can be removed by the high flux rate, and the fiber becomes

uncovered. In the TaC-rich area, TaC will be oxidized to

generate a large amount of liquid Ta2O5 when the ablation

temperature is higher than 1870 8C (reaction (5)). The Ta2O5

liquid phase can not only seal the cracks during ablation but

also hold the loose ZrO2 to form a dense layer around the fibers.

The fibers are thus protected. In order to further improve the

ablation resistance of the C/SiC–ZrB2–TaC composites, the

content of TaC should be increased, and its distribution in the

matrix should be improved.

4. Conclusion

2D C/SiC–ZrB2–TaC composites were fabricated by CVI

combined with SP method. Properties including flexural

strength, interlaminar shear strength, and CTE of the

composites were investigated. The ablation test was carried

out under an oxyacetylene torch flame. The morphologies of the

ablated specimens were analyzed. The results indicate that the
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addition of vertical fiber tows into the laminate and the heat-

treatment at 1800 8C greatly increase the interlaminar shear

strength. The co-addition of ZrB2 and TaC powders into C/SiC

composite can enhance its ablation resistance.
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