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Effect of boron-doping on structure and some
properties of carbon—carbon composite
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Boron-doped carbon—carbon composites with boron concentration around 11-15 mass %
were prepared from a carbon fibre felt with dispersed boron carbide powder by infiltration of
pyrolytic carbon. The composite was heat treated at several different temperatures from
2000-2800°C. The highest bending strength was obtained for the composite at a heat-
treatment temperature (HTT) of 2200°C. Carbon fibre began to be destroyed after heat
treatment at 2400 °C and the structure of the composite was drastically changed above
2600°C where the anisotropy of the composite originally existing in the thermal expansion
coefficient and the thermal conductivity has been faded away. X-ray diffraction
measurement indicated that graphitization of the composite was enhanced by boron
doping. At HTTs above 2400 °C, the composite became graphitic, the crystallite sizes of
which were more than 100 nm in L, (004) and L, (110). It was shown that boron was
uniformly distributed in the composite at an HTT of 2400°C and also that heat treatment at
higher temperatures, such as 2600 °C, incurred condensation of boron. Air-oxidation loss at
800°C appeared to be the lowest for the composite with an HTT of 2400 °C and the rate of

oxidation loss was 22 times lower than that of the non-boron-doped composite.

1. Introduction

Quite a few fundamental studies of boron-doping into
carbon materials have been conducted [1-8] and re-
port that boron-doping enhances graphitization and
reduces the gasification rate of carbon in air at high
temperatures. Consequently, the application of a car-
bon-boron system for anti-oxidation refractory ma-
terials has been expected. Boron-doping into carbon
materials has also been investigated to obtain neu-
tron-absorbing materials for gas-cooled reactors
[9-11]. Recently, studies of boron-doping into carbon
materials have been actively carried out for the first
wall or plasma-facing material of nuclear fusion devi-
ces [12-17]. For these engineering applications, some
kinds of boron-doped engineering materials, com-
posed of boron carbide and graphite, have been de-
veloped [18-20]. Even advanced materials have been
demanded in recent technology, so that fabrication of
a boron-doped material with a carbon fibre-reinforced
carbon composite (C—C composite) that is commonly
recognized to have high thermomechanical properties,
has been considered. Although a few approaches to
the fabrication of boron-doped C-C composites have
recently been tried [21, 22], much more investigation
will be necessary to meet engineering requirements. In
this regard, we have tried to prepare a boron-doped
C-C composite using a carbon-fibre felt and boron
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carbide powder as starting materials and by densifica-
tion with pyrolytic carbon.

In the present work, the effect of boron-doping on
the structure arid some properties of the composites
heat treated at high temperatures, was investigated.

2. Experimental procedure
2.1. Preparation of boron-doped
C-C composite

For fabrication of a boron-doped felt carbon fibre-
reinforced carbon composite (boron-doped C-C com-
posite), boron carbide powder with the average grain
size of 3 um diameter, and a mesophase pitch-based
carbon fibre felt, were used as starting materials. The
size of the carbon felt sheet used for this fabrication
was about 150 x 60 mm? with a thickness of about
5 mm. A slurry of boron carbide powder with methyl
alcohol was permeated into a carbon felt sheet, and
the alcohol was evaporated at 120°C over several
hours. The preform was prepared by stacking 12 car-
bon felt sheets with boron carbide in order to produce
some thickness in the composite for actual use. The
amount of boron carbide in the slurry was determined
to have a boron concentration around 15 mass % in
the material after densification. The preform was
densified with pyrolytic carbon by chemical vapour
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infiltration up to its density around 1.7 gcm™* and

then heat treated at 2000, 2200, 2400, 2600 and
2800°C using an Acheson-type furnace in an inert
atmosphere, and the temperature was measured using
a pyrometer. For comparison, a non-boron-doped
C-C composite, having the same carbon-fibre felt and
pyrolytic carbon matrix, was also prepared with
a final heat-treatment temperature of 2800 °C.

The boron concentration of the boron-doped C-C
composites was determined by chemical analysis. On
the composites thus prepared, the directions are de-
fined as the felt stacking direction, Z, the other two
directions being X and Y. The length of 150 mm in the
perform corresponds to the Y-direction.

2.2. Characterization of structure
and texture

The microtexture of the composites and “heir boron
distribution were studied using an electron probe
microanalyser (EPMA, Jeol Model IXA-8900M).
Each sample was mounted in a resin block and the
surface of the sample was polished to have sufficient
flatness for the observation. Pore distribution of the
composites was measured using a mercury po-
rosimeter (Carlo Erba Instrument Inc. Model 2000).

X-ray powder diffractometry was conducted for
structural characterization of the materials using
CukK, radiation (Rigaku, Model CN2013). Lactice
constants, ¢, and a,, and apparent crystallite sizes,
L., L,and L, ,, of the composites were determined
from 004, 110 and 112 diffraction peaks, followed
by a standard in Japan, the Gakushin method [23].
008 diffraction peaks of the materials were also
measured.

2.3. Measurement of physical properties
and oxidation loss

Bending strength was measured by a three-point
bending method with a span of 40 mm using a rectan-
gular specimen with a size 6x6x 60 mm?> In the
measurement, the Y-direction corresponds to the
length of 60 mm of the specimen and the load was
applied parallel to the Z-direction. The thermal ex-
pansion coefficient in three directions was determined
in the temperature range 25-1000°C using a quartz
bar as a reference. Thermal conductivity was also
measured at room temperature by the laser flush
method using a ruby laser.

For measurement of oxidation loss, a rectangular
test specimen with a size of 32 x 20 x 12.5 mm? was
prepared and set in a resistance furnace [20]. After
reaching the temperature to be tested, dry air was
introduced at a flow rate of 21 min~!. The temper-
ature was controlled within 5°C of the setting point.
After completing the oxidation, nitrogen gas was in-
troduced into the furnace instead of air, for cooling
down to near room temperature to allow measure-
ment of the weight of the specimen. Oxidation loss
(mass %) by air was calculated from the weight of the
specimen before and after oxidation.
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3. Results and discussion

3.1. Microtexture

The prepared samples, with their boron concentra-
tions and bulk densities, are tabulated in Table I. We
have tried to dope at least 10 mass % boron into each
final composite, because it has been reported [19, 20]
that around 10-15 mass % boron is necessary to pro-
duce an appreciable resistance to air-oxidation. About
11 mass % boron remained in the composite after
heat treatment at 2800°C, even though the boron
concentration decreases with increasing heat-treat-
ment temperature (HTT). X-ray diffraction profiles of
the composites also suggest the presence of B,C. Bulk
density became a little lower after heat treatment at
2800°C. ‘

Scanning electron micrographs and boron-mapping
pictures of the same view of the X—Y plane of boron-
doped C-C composites are shown in Fig. 1. Fibres
appear to be preferentially oriented parallel to the
X-Y plane. Some SEM observations on the the X-Y
plane of the composites supported this orientation of
carbon fibres. For the composites heat treated at 2000
and 2200 °C in Fig. 1a and c, carbon fibres with a dia-
meter of about 7 pm are seen, and pyrolytic carbon is
deposited on carbon fibres with a thickness of nearly
15 pm. Localized large boron-rich areas, indicative of
the mass of boron carbide, are seen in these com-
posites (Fig. 1b and d). Boron is also seen in the
carbon part in these composites, suggesting the diffu-
sion of boron into the carbon or solid solution phase.
By comparison of Fig. 1b and d, it is noted that boron
diffusion is apparently promoted at an HTT of
2200°C. These observations are consistent with the
results reported by Lowell [2] that the solubility limit
of boron into carbon is 1.50 and 2.05 at % at 2000 and
2200 °C, respectively.

For the boron-doped C—C composite at an HTT of
2400°C, it is observed from Fig. le and f that some
fibres are destroyed and the surrounding matrices
begin to combine with each other, and that the masses
of boron carbide are spread over the material, boron
distribution becoming quite uniform. Such a uniform
distribution of boron is considered to be attained by
the active transportation of boron, caused by melting
and vaporization of boron carbide, because there is
a liquid phase at 2350°C in the carbon-boron
system [2] and it is considered that boron vaporizes
rather easily at such a high temperature [17]. Some

TABLE I Carbon fibre felt-carbon composites prepared

Sample Heat-treatment Bulk density Boron
code temperature (gem™3) concentration
(HTT) (°C) mass %

Boron-doped

a 2000 1.75 14.5

b 2200 1.70 13.5

c 2400 1.70 12.3

d 2600 1.68 117

e 2800 1.57 11.2
Non-boron-doped

f 2800 1.70 0.0




rearrangement, followed by combining with the  combining fibre and matrix, following the disappear-
matrix, may assist the uniform distribution of boron.  ance of fibres. In Fig. 1h and j, a localized high concen-

At HTTs of 2600 and 2800 °C, in Fig. lgand i, large  tration of boron is also seen, indicating that boron,
crystalline grains are observed as a consequence of  once spread, has condensed again at these high HTTs.

Figure I (a, ¢, e, g, i) Scanning electron micrographs and (b, d, {, b, j} boron-mappings of the polished surfaces of boron-doped C-C
composites with various HTTs: sample a, at 2000 °C; sample b, at 2200 °C; sample c, at 2400 °C; sample d, at 2600 °C; sample e, at 2800 °C.
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Figure I continued.

The mechanism of such a redistribution of boron is
not known yet, but it should be noticed that the
viscosity of molten boron carbide became low enough
to flow so smoothly that boron could accumulate
again. In a non-boron-doped composite heat treated
2800 °C, fibres and the surrounding matrix are clearly
observed.

Pore-distribution curves for boron-doped C-C
composites are shown in Fig 2. The changes in struc-
ture and boron distribution of the composites de-
scribed above are well reflected in pore distributions of
the composites. Pores are mostly in the range 5-20 pm
for the composite at an HTT of 2000 °C, and there is
no significant change in pore distribution or pore
volume for the composite at an HTT of 2200 °C, as no
significant difference was observed in the optical
micrograph. At an HTT of 2400°C, the pores with
radius in the range 5-20 pm increase and pores with
radius less than 0.2 um are formed. On further heat
treatment or at 2600 and 2800 °C, the large potes with
radius of about 5-20 um are much reduced to even less
than that of an HTT of 2000 and 2200 °C, and small
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pores with radius less than 0.3 pm greatly increase.
The transportation of boron carbide may greatly re-
flect these changes of pore distribution. At a temper-
ature of 2400 °C, it is speculated that the segregation
of the boron carbide creates the large pores and the
vaporized boron' carbide remains in small pores. At
high t_emperatures, 2600 and 2800 °C, it is considered
that the condensation of boron carbide and the re-
arrangement of the crystal domains reduce the volume
of large pores, and further vaporization of boron in--
creases the number of small pores.

3.2, Structure

The lattice constants and crystallite sizes of the com-
posites are tabulated in Table II. X-ray diffraction
profiles in the 26 ranges of 81°-86° and 131°-1357,
including 112, 105.and 008 lines, are shown in
Fig. 3. These X-ray diffraction data show clearly that
graphitization of the present C—C composite is en-
hanced by the catalytic action of boron, as reported by
other authors [6,.7]. Clear, sharp peaks of 112 and



008 diffraction appear at HTTs above 2400°C al-
though only broad peaks are obtained for the non-
boron-doped composite which has been heat treated
at 2800 °C. Also, the 105 diffraction peak can be seen
in the vicinity of the 112 peak only for the boron-
doped C-C composites at HTTs above 2400 °C. Col-
our change observed by the eye on the boron-doped
C—C composites, supported the X-ray diffraction anal-
ysis; while materials heat treated at 2000 and 2200 °C
appeared black, those heat treated above 2400 °C ex-
hibited a metallic lustre and even more lustring than
the non-boron-doped composite heat treated at
2800 °C. The apparent crystallite sizes, L,(110) and
L.(004) for the boron-doped C—C composites heat
treated above 2400°C, are more than 100 nm. The
crystallite size, L 4 5, calculated from the half-width of
112 diffraction peak, is a measure of the thickness of
three-dimensional graphitic stacking, The L , , value
of the boron-doped C~C composite at an HTT of
2400°C is 20 nm, being one order larger than that at
2200 °C and also much larger than 6 nm for the non-
boron-doped at HTT of 2800 °C. Such a high degree of
graphitic stacking obtained for these composites may
be responsible for the formation of large crystal grains
as the result of combining and recrystallization of the
fibre and matrix brought by catalytic action of boron,
as seen in Figs. le, g and i. The lattice constants
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Figure 2 Pore-distribution curves of boron-doped C-C composites
with various HTTs. (O) 2000°C, (00) 2200°C, (&) 2400°C, (H)
2600°C, (@) 2800°C.

obtained for the present composites, ¢, (004), de-
crease with increasing of HTT up to 2400 °C, and level
off on further heat treatment, and a, increases slightly
at HTTs of 2600 and 2800 °C. Boron-doping at high
HTTs also causes, in the present study, smaller ¢, and
larger a, values than those of ideal graphite crystal, as

112

105
Boron-doped

2800°C

2600°C

2400°C

M

Non-boron-doped

2800°C

(a) 26 (deg)

Figure 3 X-ray diffraction profiles of (a) 112 and 1035 lines, and
(b) 008 lines of boron-doped C—~C composites with various HTTs.

TABLE II Lattice constants and crystallite sizes of C—-C composites with various heat-treatment temperatures (HTT)

Sample HTT Lattice constants Crystallite sizes
code ()] - :
co(004) ay(110) L.(004) L,(110) Ly
(nm) (nm) (nm) (nm) (nm)
Boron-doped
a 2000 0.6807 0.2461 9 25 0
b 2200 0.6759 0.2463 12 44 2
c 2400 0.6701 0.2462 > 100 > 100 20
d 2600 0.6701 0.2468 >'100 > 100 19
e 2800 0.6696 0.2468 > 100 > 100 28
Non-boron-doped .
f 2800 0.6724 0.2460 64 > 100 6
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Figure 3 continued.

was reported [24] for the 0.6 mass % boron doping
into natural graphite.

3.3. Physical properties and
air-oxidation loss

Change in bending strength of boron-doped C-C
composite with HTT is shown in Fig 4. Bending
strength slightly increases with increasing HTT from
2000-2200 °C. This finding can probably be attributed
to the increased diffusion of boron into carbon at
2200°C, as shown in Fig. 1b and d, which resulted in
increased binding among matrices and between
matrix and fibres. The bending strength of boron-
doped composite at an HTT of 2200°C is about 1.5
times higher than that of the non-boron-doped at
HTT of 2800°C, as shown in Fig. 4. Low bending
strength of the composites heat treated above 2400 °C
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may be due to the formation of large crystalline grains
and destruction of fibres in the materials, which allows
easy shear crack propagation.

Change in the thermal expansion coefficient of
boron-doped C—C composite for three directions with
HTT is shown in Fig. 5. The coefficient along the
Z-direction, the stacking direction of the felt sheets,
has a larger value than those of the X- and Y-direc-
tions because of preferential orientation of carbon
fibres, as shown in Fig. 1. The thermal expansion
coefficients of the X- and Y-directions decrease slight-
ly with increasing HTT from 20002400 °C, but that
of the Z-direction increases from 2000-2200°C and
then begins to decrease. These changes are mainly
attributed to the promoted graphitization around
2000-2400°C, as shown in Table IT and Fig. 3, which
normally leads to decrease of the thermal expansion
coefficient in the direction of parallel to the basal
plane, and increase in the direction perpendicular to
the basal plane [25]. The reduction of the thermal

100 T T T T T T T T T
80 4
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40 - ® .

Bending strength (MPa)

0 . 1 . L P . ! :
2000 2200 2400 2600 2800 3000

HTT(°C)

Figure 4 Effect of HTT on bending strength of C—C composite:
(O) boron-doped, (@) non-boron-doped.
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Figure 5 Effect of HTT on thermal expansion coefficient of the
O, ®) X-, (A, A) Y- and (U, W) Z-directions of the C—C composite:
(O, A, L) boron-doped, (®, A, M) non-boron-doped. (Measured
temperature range 25-1000 °C).



expansion of the composite for the Z-direction at
HTT from 2200-2400°C in spite of high degree of
graphitization, is considered to be the effect of the
structural change; damage of the fibre and the rear-
ranged matrix lessens the orientation of the crystal.
Anisotropy of the composite becomes smaller as the
HTT increases from 2400-2800°C, almost complete
isotropy being obtained at 2800 °C, which indicates
that the crystals are oriented in a random fashion as
a consequence of the recrystallization of the fibre and
matrix. Fairly large anisotropy is observed for the
thermal expansion coefficient of non-boron-doped
composite at an HTT of 2800 °C, as shown in Fig. 5.
However, the average value of the three directions
between boron-doped and non-boron-doped are
nearly the same.

Change in thermal conductivity of boron-doped
C-C composite for three directions with HTT is
shown in Fig. 6. The highest thermal conductivity is
observed at an HTT of 2200°C for the X- and Y-
directions, and it increases up to an HTT of 2400°C
for the Z-direction. Thermal conductivity in
boron-doped composites is considered to be domi-
nantly determined from the degree of graphitization
and formation of carbon-boron solid solution; the
former may promote a high thermal conductivity and
the latter may decrease it due to the increased scatter-
ing of phonons [26]. Therefore, one may postulate
that the peaks of thermal conductivity observed for
the X- and Y-directions and the increase for the Z-
direction, are a result of the competition between
acceleration of graphitization and increase in phonon
scattering brought about by the incorporation of
boron into hexagonal planes. A slight increase in ther-
mal conductivity seen in the Z-direction, unlike the
other two directions, from an HTT of 2200-2400°C
may be the effect of the lessened crystal orientation as
already stated. Because the formation of a solid solu-
tion has a large reducing effect, thermal conductivity
of the composite apparently reduces in total, although
the graphitization still proceeds between 2200 and

100 T T T T T T T T T

80 -: -
60 4

40 |

Thermal conductivity (W m™" K™
1
1

2200 2400 2600 2800
HTT (°C)

0 .
2000 3000

Figure 6 Effect of HTT on thermal conductivity at room temper-
ature of (O) X-, (A) Y- and (O0) Z-directions of boron-doped C-C
composite.

TABLE III Air-oxidation loss at 800°C for 3 h of the C-C com-
posites with various HTTs

Sample HTT Oxidation loss
code °C) (mass %)
Boron-doped

a 2000 9.9

b 2200 82

c 2400 22

d 2600 4.6

e 2800 5.3
Non-boron-doped

f 2800 48.0

2400 °C. The fact that the anisotropy of thermal con-
ductivity faded away on heat treatment above
2400°C, also supports the view that the crystals are
oriented randomly in the composite.

Air-oxidation loss of boron-doped and non-boron-
doped C—C composites at 800°C for 3 h are sum-
marized in Table III. Oxidation loss of the composite
is significantly reduced by boron-doping of 11.2
mass % at an HTT of 2800 °C. The composite whose
HTT was 2400 °C was found to have the lowest oxida-
tion loss of 2.2 mass %, 22 times lower than that of the
non-boron-doped composite. This low oxidation loss
at an HTT of 2400°C must be responsible for the
uniform distribution of boron, as shown in Fig. 1f. The
cause of the reduction of oxidation loss for boron
carbide-doped graphites at high temperatures was re-
ported to be the formation of a boron oxide layer on
the surface of the material, which was performed as an
oxidation protection [19, 20]. Hence, uniform distri-
bution of boron should be essential in order to attain
thorough covering of the surface of the composite with
an oxidation protective boron oxide layer, which may
lead to suppression of oxidation loss.
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