JAER | -M
94-001

DEVELOPMENT OF OXIDATION RESISTANT
SiC/C COMPOSITIONALLY GRADIENT MATERIALS

January 1994

Kimio FUJI, Junichi NAKANO
and Masami SHINDO

B X B F # B R M
Japan Atomic Energy Research Institute



JAERI-ML #— i3, BAREFHHEF»FERTLTIL T 2IRBEETTT,

AEORS AL, BABFHIFRMAMERTHERLHSR (T FRRIAMESE & T,
ERLIA{IAG, AR, JOEPCEHAEAERF DLFSEE L -7 — (F319-11 R IRIEAH
Wi B AETFARRAFAN) TEECL2RBEGF B -TEN 21,

JAERI-M reports are issued irregularly.
Inquiries about availability of the reports should be addressed to Information Division Department

of Technical Information, Japan Atomic Energy Research Institute, Tokaimura, Naka-gun, Ibaraki-

ken 319-11, Japan.

{C Japan Atomic Energy Research Institute, 1994

RERAEIT BH & & F 5 o %A
En B =weA 7 okAEH




JAERT-M 94-001

Development of Oxidation Resistant

SiC/C Compositionally Gradient Materials
Kimio FUJII, Junichi NAKANO and Masami SHINDO

Department of Materials Science and Engineering
Tokai Research Establishment
Japan Atomic Energy Research Institute

Tokai-mura, Naka-gun, Ibaraki-ken

{(Received January 5, 1994)

For the evaluation of oxidation characteristic for the trial
production of $iC/C compositionally gradient carbon and $iC/C compo-
sitionally gradient carbon fiber reinforced carbon (CFRC) materials,
which are composed of a surface SiC coating layer, an intermediate
5iC/C layer and substrate material, the oxidation test in air at 800°C
for up to 100 h was performed compared with each other three kinds
version, i.e., substrate material, one with intermediate SiC/C layer
and one coated by SiC layer.

It was shown that SiC/C compositionally gradient material exhibited
the best oxidation resistance among each substrate series, and the
conception of SiC/C compositionally gradient material could be applied

to carbon and CFRC materials as well as graphite material.

Keywords: Compositionally Gradient Material, SiC, 8iC Coating, Carbon,

Carbon Fiber Reinforced Carbon, Oxidation
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1. Introduction

The develcpment stﬁdy of oxidation resistant carbon and graphite materials
including carbon fiber reinforced carbon (CFRC) has been perforned for wider
utilization of these materials in various engineering fields such as nuclear
power systems, avitation, spacecraft, etc. As an oxidation resistant material,
SiC/C compositionally gradient material is focused., The surface layer of the
material hardly peels off compared with normal SiC coated materials because of
the gradient in concentration of SiC from the surface to the inside.

As for a graphite material, SiC/C compositionally gradient graphite materi-
al has been developed [1~3], and the developed material has exhibited an exel-
lent thermal cyclic characteristic in oxidative environment at high temperatures
{3]. The SiC/C compositionally gradient graphite material, which is composed
of a surface SiC coating layer, an intermediate $iC/C layer and graphite matrix,
is produced by a combination of the reaction between gaseous Si0 and graphite,
and chemical vapor deposited $iC coating, see fig. 1.

This report describes the results of oxidation test for the trial produc-
tien of SiC/C conmpositionally gradient carbon and SiC/C compositionally gradient
CFRC materials produced by the same method as the SiC/C compositicnally gradient

graphite material.
2. Exzperimental Procedure
Z.1 Materials
Materials used as substrate are two kinds of carbon materials, i.e., ASR-
IRB and C-140X, and one CFRC, CX-21, From CX-21 which is two direction CFRC, two

specimens were prepared by machining in parallel (#) and vertical (1) to fiber

direction. Major standard characteristic values [4,5] of those materials are
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listed up in table 1.

2.2 Production of SiC/C compositionally gradient material

The S$iC/C compositionally gradient material is composed of a surface SiC

coating layer, an intermediate SiC/C layer and a substrate material.

2.2.1 Formation of intermediate SiG/C layer

Materials used for formation of intermediate SiC/C layer were substrate mate-
rial and solid Si0 of 99.9 % purity. The substrate sample was in the form of a
cylinder, 20 mm in length and 10 mm in diameter, with convex sides. The inter-
pediate SiC/C layer was formed by the following reaction in a high purity helium
stream at the reaction temperature of 1380 C and the Si0 gasification temper-
ature of 1300 C,

2 ¢ (solid) + Si0 (gas) = SiC (solid) + CO (gas) ~=-ro-meeeee D
After the reaction (D, the mass gain was observed due to the formation of SiC.
Larger mass gain means higher SiC content and deeper SiC/C layer in the sub-
strate sample. The specimens with various intermediate SiC/C layers, Si contents

of which were 0.38~4.65 %, prepared by controlling the reaction time of @.

2.2.2 SiC coating by chemical vapor deposition (CVD)

The SiC/C compositionally gradient material is produced by CVD SiC coating on
the substrate material with intermediate SiC/C layer. The SiC coating thick-
ness by CVD was around 100 gm,

For comparison, SiC coated substrate materials without intermediate SiC/C
layer were prepared by the same coating condition as that for the SiC/C compo-

sitionally gradient material for all substrate materials.
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The all surface SiC coating by CVD vere performed by the outside with consid-
ering that the temperature of basic materials was kept lower than 1380 °C of the
reaction @ because of maintenance of SiC/C compositionally gradient in the

intermediate SiC/C layer.

2.3 Oxidation test

The oxidation test was carried out in air at 800 C for up to 100 h. The
specimens tested were SiC/C compositionally gradient material with various
intermediate SiC/C layers (SiC-SiC/substrate), Si coated substrate (SiC-sub-
strate), substrate with various intermediate S$iC/C layers (SiC/substrate) and
virgin substrate for four kinds of substrate, i.e., for ASR-1RB series the Si
C-SiC/1RB, the $iC-1RB, SiC/1RB and ASR-1RB, for C-140X series the SiC-SiC/140X,
$iC-140X, SiC/ 140X and C-140X, for CX-21(#) series the S$iC-SiC/Z1(f), the SiC
-21{#), the SiC/21(#)} and CX-21(¥), and for CX-21(L) series the SiC-SiC/21(1),
the SiC-21(L), the S$iC/21(1) and CX-21(l).

The oxidation behavior was evaluated by mass measurement.

3. Results and Discussion

The mass loss curves of all tested specimens are summarized in fig. 2. In
this figure, all data points were averaged values. The mass loss for carbon
and graphite materials is caused by the reaction between carbon and oxygen,

2 ¢ (solid) + 0, (gas) = 2 CO {gas) roowoeeersmvessnn (@,
On the other hand, SiC is oxidized by the following reaction in air,

Si€ (solid) + 2 0, (gas) — Si0, {solid) + C0, (gas} == @,
and the formed very thin Si0, laver on SiC is so stable up to around 1000 C
[6]. Durirg the surface SiC coating layer maintains its integrity, the specimens

coated by SiC layer exhibit no significant mass loss [2,3]. Therefore, the ob-
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served mass losses of the specimens coated by SiC layer mean that the surface

Sil coating layers have some defects such as cracks, etc.

3.1 Oxidation behavior of substrate series

3.1.1 ASR-1RB

Fig. 3 shows the mass loss curves of the SiC-SiC/1RB, the SiC-1RB, the $iC/
1RB and ASR-1RB. This figure indicated that only the intermediate SiC/C layer
hardly improved the oxidation resistance of ASR-1RB, however, for surface SiC
coating the existence of intermediate SiC/C layer was effective, and the SiC-
SiC/1RB exhibited a perfect cxidation resistance.

The order of oxidation resistance was the SiC-SiC/1RB > the SiC-1RB > the

SiC/1RB 2 ASR-1RB.

3.1.2 C-140X

Fig. 4 shows the mass leoss curves of the 8iC-8iC/140X, the SiC-140X, the SiC/
140X and C-140X. The tendency of comparative behavior for four kinds of speci-
mens was similar to that of ASK-1RB series, although the SiC-SiC/140X did not

exhibit a perfect oxidation resistance.

The order of oxidation resistance was the SiC-SiC/140X > the SiC-140X > the

SiC/140X = C-140X.

3.1.3 Cx-21(#)

Fig. 5 shows the mass loss curves of the SiC-SiC/21(f), the SiC-21(¥), the

SiC/21{#) and CX-21(#). The existence of the interemediate SiC/C layer improv-

ed the oxidation resistance of CX-21{#) as well as surface SiC coating, which
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means that surface SiC coating layer on CX-21{(F)} has many defects. The $iC-SiC
/21(#) exhibited the best oxidation resistance, although the oxidation rate
was near those of the S$iC-21{#) and the SiC/21().

The order of oxidation resistance was the SiC-SiC/Zl(#) > the SiC-21(#)

the SiC/21{(§) > CX-21(#).
3.1.4 CX-21(1)

Fig. 6 shows the mass loss curves of the SiC-SiC/21(l), the $iC-21(l), the
8iC/21(Ll) and CX-21(l). The tendency of comparative behavior for four kinds of
specimens was similar to that of CX-21(F) series, although the oxidation rate
of $iC-SiC/21(1) was so lower than those of the $iC-21{l) and the SiC/21(l).

The order of oxidation resistance was the SiC-$iC/21(l) > the SiC-21(1) =2

the SiC/21(1) > CX-21(1).

In conclusion, for each substrate series the SiC-SiC/substrate, i.e., SiC/C

compositionally gradient material exhibited the best oxidation resistance.
3.2 Comparison among substrate

The mass loss curves of four virgin substrate materials, i.e., ASR-1RB, C-
140X, CX-21(#) and CX-21(1), are shown in fig. 7.

The mass loss curves of four kinds of the substrate with intermediate SiC/C
layer, i.e., SiC/1RB, SiC/140X, SiC/21(#) and SiC/21(l}, are given in fig. 8. In
this figure, all data points were averaged ones among each value of the inter-
mediate SiC/C layers with different Si contents. This fiéure indicated that
the improvement of oxidation resistance of the CFRC by the formation of inter-
mediate SiC/C layer was more effectivé compared with carbon materials,

The mass loss curves of four kinds of SiC coated substrate, i,e., SiC-1RB,
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SiC-140%, SiC-21(#) and SiC-21(l), are given in fig. 8, which indicated that
contrary to fig. 8 the improvement of oxidation resistance of the CFRC by the
surface SiC coating was not so effective compared with carbon materials.

The mass loss curves of four kinds of SiC/C compositionally gradient mate-
rials, i.e., SiC-SiC/I1RB, $iC-$iC/140X, SiC-SiC/21(#) and SiC-SiC/21(L), are
given in fig. 10. The tendency of comparative behavior for four kinds of spec-
imens was similar to that of SiC coated substrate series in fig. 9.

For evaluation of the influence of Si contents in the intermediate SiC/C
layers on the oxidation behavier of SiC/C compositionally gradient materials,
mass losses of the SiC-S$iC/140X after 30 h and of the SiC-SiC/21(#) after 11 h
as a function of Si contents in the intermediate SiC/C layers are plotted in
fig., 11. It can be made clear from this figure that the oxidation behavior was
independent of the Si contents. It might be caused by the counterbalanced ef-
fect between the increases of Si content as an advantage and the increase of

porosity as a disadvantage [31].

3.3 Thermal stress

Thermal stress in a two component composite [7] i1s indicated by
0+1=(B B Vo A @ AT)/T(1=-w )Ey (1-Vz )#E, Vo] covvvveeeesseicnenee @),
wvhere ¢, is thermal stress in component 1, E is Young’s modulus, » is Pois-
son’s ratio, V is volume fraction, A a is thermal expansion coefficient mis-
match, AT is temperature difference and suffixes ! and 2 mean two components.
If the transverse constraint is negligibile,
017 (EiBaVo A @ ATY/[E, (1-V, ) 4B,V ] reverrrremesciscnnnenee (5,
The thermal stress induced in a surface SiC coating layer of a SiC coated
material under cooling process was calculated by the equation &, where suf-
fizxes 1 and 2 are a 8iC coating layer and a substrate material, respectively,

V./V, (sectional area ratio: (= (5.1)%-= {5)%)/ = (5)?) is 0.04/0,96 and AT is
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780°C (800-20°C). Moreover, the thermal expansion coefficient and the Young’s
modulus of B-SiC are 4,7X107°/% and 386 GPa {81, respectively.

The caluculated thermal stresses in the surface SiC coating layers of the SiC
-1RB, the SiC-140X and the SiC-21(#) are given in table 2. In this table, the
positive and negative figures mean tensile and compressive stresses, respec-
tively.

The stability, etc. of a surface SiC coating layer are strongly dependent
on thermal stress magnitude. It can be, therefore, expected that the order of
the stability of the surface coating layer is equal to the order of the magni-
tude of the induced thermal stress, i.e., SiC-1RB > SiC-140X > SiC-21(#). This

expectation corresponded to the experimental results in fig. 9.

4, Summary and Conclusions

For the evaluation of oxidation characteristic for the trial production of
SiC/C compositionally gradient carbon and SiC/C compositionally gradient CFRC
materials, which are composed of a surface SiC coating layer, an intermediate
SiC/C layer and a substrate material, the oxidation test in air at 800 °C for
up to 100 h was performed together with each other three kinds versiocn, i.e.,
substrate material, one with intermediate SiC/C layer and one coated by 5iC
layer.

The conclusions obtained were as follows;

(1) The SiC/C. compositionally gradient material exhibited the best oxidatien
resistance among each substrate series.

(2) The existence of the intermediate SiC/C layer was effective for surface
SiC coating, even though the substrate material was not appropriate one for
SiC coating,

(3} The conception of SiC/C compositionally gradient material could be applied

to carbon and CFRC materials as well as graphite material.
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Table 1,

C-140X) and CFRC material (CX-21).

Major standard characteristic values of carbon materials (ASR-1RB and

Material Carbon Carbon CFRC
Brand ASR-1RB [4] | C-140X [4] £X-21 [5]
Bulk density (10°kg/m®) 1.74 1,57 1.65
Mean bend strength(MPa) 22.5 6.62 206{1)
Mean compressive 93.3 26.1 304(M)
strength (MPa) _ 108(1)
Young’s modulus (GMa) 14,9 6.8 108(4)
Mean thermal expansion 5.2 3.5 0.4(#)
coefficient (107°/K) (293~673K) (293~673K) a(L)
(RT~1273K)
Thermal conductivity 11 10.7 49(1)
(w/nK) (RT) 7(1)

Table 2. Thermal stresses induced in surface SiC coating layers.

Material Thermal stress (GMa)
Sic-21{(m) 113 x 10
SiC-140X 11x10*%
SiC-1RB -7%10?
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{1) As -received carbon or graphite material
-Surface
Carbon 6r graphite grain

Pore and/or binder

{2) First process ;
Formation of intermediate SiC/C layer by reaction of
2C(s}+Si0(g)=SiC(s)+CO(g)

SiC
{3} Second process ;
Surface SiC coating by CVD
SiC coating layer
Intermediate SiC/C layer

* Carbon or graphite matrix

Fig. 1. Production method of 8iC/C compositionally gradient material.
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Fig. 2. Mass loss curves of all tested specimens.
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$iC-SiC/1RB
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Fig. 3. Mass loss curves of ASR-1RB series.
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Fig. 4. Mass loss curves of C-140X series.
W77 T T 1

A - i
g0 /(—CX 21 (1) |

K / '

Mass loss (%)

¢ 5 10 15
Time (h)

Fig. 5. Mass loss curves of CX-21{#) series.
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Fig. B. Mass loss curves of CX-21(1l) series.
100 ; "
[ yecx-2t) ]
A
80 L I(—C 140X /
=R //ASR 1RB
~ 60 |-
w
4
— // Ae CX-21(1)
w 40 - /@
w [
©
=
y % .
0 I R

1 2 3 4 5 4]
Time (h)

Fig. 7. Mass loss curves of substrate materials.
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100 |

80 h -
I .
ve SiC/21 (1)

Mass loss (%)
oy
[t ]
1
7\""‘--.._0
Q\
e
|

40 ! -
SiC/140X%
// - - SiC/21(1)
20—0‘7 —
e
e
0 I D R R B
o 2 4 6 8 10 12 14

Time (h)

Fig. 8. Mass loss curves of substrate materials with intermediate SiC/C layer.

100 7 717 T ] |

80 - . SiC-21(1) .

' 4
= / _ 8iC-21(M)
w 60 -Y A -
2 / )1«— SiC-140X
— K 4
E 40 + )] -

20 vfél)] SlC]RB/_

__O,_.—-O
S i N T I B B

0 10 20 30 40 50 60 70
Time (h)

Fig. 9. Mass loss curves of SiC coated substrate materials.
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100 ——T— 7 T T ]

« SiC-SiC/21(#)

SiC-SiC/140X

Mass loss (%)

99T
0 10 20 30 40 50 60 70
Time (h)

Fig. 10. Mass loss curves of SiC/C compositionally gradient materials.

100 — , ]
80 - A i
R & SiC-SiC/21(#)
2 60 R A A0 i
k- A A
[45]
E 40 — DD D D —
0™ g5¢-sic/140x B
20 -
) | | 1
0 1 2 3

Si content (%)

Fig. 11. Mass losses of SiC~SiC/140X after 30 h and of SiC-SiC/21(#) after 11 h

as a function of Si contents in intermediate SiC/C layers.



