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Abstract: C/C composite material is widely used in aerospace field and others, however, it is easy to be oxidized at high temperature.
In order to improve the oxidation resistance, ZrC is introduced as an oxidation inhibitor used in matrix modification of C/C
composite material. Flat plate samples of ZrC/C composite materials were prepared by hot-pressing sintering. The degree of
graphitization increases with rising sintering temperature, and layer structure of carbon matrix is observed clearly in the sample

treated at 2273 K. Diffusion behavior of Zr in C matrix at high temperature is studied, which can be generally expressed as
D=3.382x10"" exp[2.029x10°/(RT)]. The diffusion of Zr in C matrix leads to the over-saturation of C in the micro area and the
oversaturated C precipitates as graphite. This continuous process promotes the transformation of carbon to graphite.
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1 Introduction

Carbon  materials  (graphite,  carbon/carbon
composites) are considered to be promising light-weight,
high temperature-resistant structural materials [1,2],
which are widely used in the advanced technology fields
of aeronautic and aerospace due to the excellent
electrical conductivity, thermal conductivity, low thermal
expansion coefficient, and high-temperature strength
retention [3,4]. However, the carbon materials are easily
oxidized in the high-temperature and oxidized
environment, which leads to poorer performance and
limited application. To improve the anti-oxidation
property of carbon materials, the generally accepted
method is the use of oxidation resistant coating [5,6] or
matrix modification [7-9]. ZrC not only has higher
melting point (>3000 °C) and better compatibility with
carbon, but also the oxide itself has enough high melting
point and relatively low vapor pressure. It has been

confirmed that the ablative rate of ZrC-modified C/C
composite is decreased obviously as compared with that
of original material, which results in the enhanced
ablation resistance of the C/C composite [10—12].
Moreover, it is also discovered that ZrC could catalyze
and induce graphitization at high temperatures [13,14].

The graphitization degree is one of the most
important structural parameters for carbon materials.
After high temperature graphitization treatment, the
microstructure of carbon materials could be improved to
obtain high electrical conductibility, heat conductivity
and mechanical property [15—17]. Nowadays, few efforts
were taken on the effect of ZrC modified carbon
materials on the microstructure, and the mechanism of
the ZrC catalytic graphitization was rarely investigated.
In this work, flat plate sample of ZrC/C composite
material was successfully prepared, and the diffusion
kinetic behavior of Zr in C at high temperature was
studied. Furthermore, the mechanism of ZrC promotion
on graphitization of carbon was also discussed.
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2 Experimental

2.1 Synthesis of ZrC modified carbon material

Flat plate sample of ZrC modified carbon material
was prepared by the hot-pressing sintering method. In a
typical synthesis, ZrC powder was compressed into a
wafer (d=10 mm, 4=3 mm) at around 300 MPa, and then
the ZrC wafer was embedded in the active carbon and
sintered at 1600 °C for 4 h at a heating rate of 5 °C/min
with the protection of high purity argon. After that, the
ZrC wafer was transferred into a graphite mould. To
avoid contamination, a layer of carbon paper was
adhered to the inner wall of the graphite mould and a
small amount of carbon powder was added to it in
advance. Then, the graphite mould was placed in a
hot-pressing sintering furnace with an axial pressure of
30 MPa. Finally, the graphite mould was first calcined to
473 K at a heating rate of 5 K/min, maintained at that
temperature for 180 min, followed by a second
calcination at a heating rate of 10 K/min up to 2073,
2173 and 2273 K, respectively (holding time, 180 min),
and then it was naturally cooled to room temperature. It
was noted that the high purity argon was used as the
protective atmosphere in the whole sintering process.

Fig. 1 Microstructures of ZrC/C samples sintered at high temperatures: (a, d, g) Interface layers treated at 2073, 2173 and 2273 K,

respectively; (b, e, h) C matrix layers treated at 2073, 2173 and 2273 K, respectively; (c, f, i) ZrC layers treated at 2073, 2173 and
2273 K, respectively

2.2 Characterization

The fracture micro-morphology of the flat plate
sample of ZrC modified carbon composite was observed
on a field emission scanning electron microscope
(FESEM, JSM—6700F). Line scanning and spot sampling
of fracture section were determined using energy
dispersive spectrometry (EDS) equipped on FESEM.

3 Results and discussion

3.1 Microstructure of flat plate sample

Figure 1 shows the SEM images of C matrix layers,
ZrC layers and their interface layers of fracture section of
flat plate samples treated at different temperatures. From
Figs. 1(b, e, h), it can be seen that with increasing of the
heat treatment temperature, the layer structures could be
observed in the C matrix, especially that treated at
2273 K, indicating that the graphitization degree of the C
matrix could increase with the rise of heat treatment
temperature. However, no significant changes are
discovered in the ZrC layers as temperature is increased
in Figs. 1(c, f, g). In addition, the ZrC flat plates are
bonded tightly to C matrix in the diffusion interface
layers, as shown in Figs. 1(a, d, g).
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3.2 Diffusion of Zr in C matrix

Figure 2 shows the schematic plan of flat plate
model of ZrC modified C matrix. In the study of Zr
diffusion behavior, we assume that the contact diffusion
plane of Zr element is infinitely large in two dimensions,
and the Zr element diffuses along one dimensional
direction vertical to the diffusion plane.

ZrC

YY VY

Fig. 2 Schematic plan of ZrC/C flat plate mode

Figure 3 shows the line scanning energy spectrum
of ZrC modified C matrix flat plate sample after the high
temperature treatment (HTT). Due to the presence of C
element in ZrC, only the diffusion behavior of Zr
element in C matrix is considered and that of C element
is excluded. From Fig. 3, we know that the content of Zr
element gradually declines as the diffusion distance
increases using the interface as the baseline, and & is the
reaction layer thickness of the Zr element diffusion in the
C matrix.
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Fig. 3 Line scanning EDS pattern at ZrC—C intersurface

Assuming that the content of Zr element is 100% on
the ZrC diffusion interface side, then the content of Zr
element is 0 on the C matrix side. Figure 4 shows the
relation curve between the diffusion distance and content
of Zr element in the C matrix. From Fig. 4, the diffusion
depth of Zr element increases with the increasing of the
heat treatment temperature, and at the same time, the
content of Zr element increases at various diffusion
distances. These results suggest that the temperature
plays an important role in promoting Zr element
diffusion. The reason could be explained as follows: with

the rise of the temperature, the thermal motion of Zr
element will be strengthened and the movement velocity
will be accelerated, which results in the longer diffusion
distance.
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Fig. 4 Zr content as a function of diffusion distance

The diffusion process between ZrC and C matrix
belongs to solid mass transfer. The expression of
diffusion coefficient could be written as Eq. (1) because
vacancy diffusion and interstitial diffusion are the main
diffusion phenomenon [18]:

D=Dyexp[~QO/(RT)] (1)

where Q is the diffusion activation energy; D, is the
frequency factor; R is the gas constant with a value of
8.3143 J/(mol-K); T is the absolute temperature.

Based on the condition of diffusion region, the
expression of diffusion coefficient is changed by
BHANUMURTHY et al [19]:

D=1/@NSHCyy ~ )] xde @

where ¢ is the diffusion time, J is the reaction layer
thickness, (Cuy;—Cn) is the content difference across
the reaction layer, where Cj;; is the content of phase II in
the boundary phase I-II and Cyy; is the content of phase
IT in the boundary phase II-III, and ¢’ is the average
content of reaction layer interface.

The reaction layer width, ¢, and the diffusion
coefficient, D, treated at different temperatures are given
in Table 1.

Equation (1) of diffusion coefficient could be
transform to

In D=In Dy—[Q/(RT)] 3)
Figure 5 shows the relationship between In D and the
temperature. The  diffusion activation energy,
0=2.029x10° J/mol, and the frequency factor, Dy=
3.382x107 1" m%s, of the Zr element in the C matrix could
be calculated from Fig. 5, therefore, the diffusion
coefficient could be expressed as

D=3.382x10"exp[2.029x10°/(RT)] 4)
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Table 1 Reaction layer 6 and diffusion coefficient D of Zr in C
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matrix at different temperatures

Temperature/ Reaction layer Diffusion coefficient,
K width, 6/um D/(10"°m*s™")

2073 0.9 2.604
2173 1.3 4.620
2273 1.5 9.394
-32.50
-33.75¢

E

= -3500¢r

=)

=
-36.25

4.4 4.5 46 47 4.8
T-'/107#K™!
Fig. 5 Relation between In D and 1/T

3.3 Mechanism of ZrC promotion on C graphitization

The micro-morphology of C matrix of ZrC doping
carbon materials is shown in Fig. 6. It can be seen that
the carbon crystallites around ZrC have high
graphitization degree and good orientation arranged in
layer structure, indicating that ZrC has catalytic effect of
graphitization for carbon.

The catalytic graphitization is a complex process
with both physical and chemical changes. Based on the
above analysis, the Zr element has an obvious diffusion
behavior in the C matrix. Besides, the diffusion behavior
shows significant change at the higher temperature. The
phase diagram of Zr—C binary system is shown in Fig. 7.
A relatively wide ZrC, solid solution region could be
observed. The Zr element diffuses and then the content
of Zr reaches a low level, which results in the
precipitation of elemental carbon with the formation of
graphite. In additional, it can also be seen that the ZrC,
solid solution region decreases with the increasing of the
temperature, which indicates that the carbon is easy to
supersaturate at high temperature and then it precipitates
from the ZrC, solid solution region.

The chemical reactions of amorphous and graphite
carbon obtained by decomposing ZrC are given in
Egs. (5) and (6), respectively. The standard Gibbs free
energy curves with temperature changes of Egs. (5) and
(6) are compared in Fig. 8, where the thermodynamic
data are taken from available literature [20]. From Fig. 8,
the standard Gibbs free energy of Eq. (6) is actually
lower at high temperatures, which means that the high

(a)

Fig. 6 Microstructures of carbon matrix of ZrC doping carbon
materials: (a) Image of TEM; (b) Image of HRTEM
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Fig. 7 Binary phase diagram of Zr—C

1273

temperatures make it more available for the chemical
reaction of Eq. (6), so the graphite carbon with lower
energy level should be easy to precipitate from ZrC.

ZrC=Zr+C(amorphous) 4)
ZrC=Zr+C(graphite) (6)

When processing high temperature graphitization,
Zr diffuses to C matrix and reacts with amorphous

carbon to form carbide. With the continuous diffusion of
Zr, the graphite carbon and elemental Zr are generated.
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Then, the Zr diffuses along the surface of carbide
particles to the side of amorphous carbon and reacts with
it to form more carbide. The entire process is repeated
with the Zr migration, which results in catalytic
graphitization. It is worth noting that the graphitization
degree of C matrix could be improved as the diffusion
velocity of Zr element is accelerated at high
temperatures.
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Fig. 8 Standard Gibbs energies of decomposition reaction of
ZrC as a function of temperature

4 Conclusions

1) Flat plate sample of ZrC modified carbon
material was obtained by using a hot-pressing sintering
method. With the increasing of the temperature, the layer
structures become more apparent in the C matrix,
indicating the increase of graphitization degree of the C
matrix.

2) The diffusion activation energy, 0=2.029x10°
J/mol, and the frequency factor, Dy=3.382x10""" m?/s, of
the Zr element in the C matrix could be calculated from
the energy spectrum, and the diffusion coefficient
expression could be written as

D=3.382x10 "exp[2.029x10°/(RT)].

The diffusion of Zr in C matrix leads to the
over-saturation of C around the ZrC particles and the
over-saturated C precipitates as graphite. Then, the Zr
diffuses along the surface of carbide particles and reacts
with amorphous carbon to form more carbide. The
procedure described above is an iterative process and the
amorphous carbon gradually changes to graphite carbon,
which results in the promotion on graphitization of the C
matrix.
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