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For the developed compositionally gradient graphite material
composed of surface S$iC coating layer, middle SiC/C layer and graphite
matrix, the thermal cyclic oxidation test was performed together with
two kinds of the SiC coated graphite materials in air environment.

It was made clear that the developed material exhibited high
performance under severe thermal cyclic condition independent of the
morphology of middle SiC/C layers and had the longer time or the more
cycle margins from crack initiation to failure for surface 5iC coating

layer compared with the SiC coated graphite materials.
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1. INTRODUCTION

The development study of advanced carbon and graphite materials, which
are a kind of high oxidation resistant material including thermal cyclic re-
sistance, has been carried out [!,2]. The compositiconally gradient material
of SiC/C as advanced carbon and graphite materials is being developed both for
improvement of the oxidation resistance and for relaxation of the thermal stress
induced in the material under thermal cycle, thermal shock, etc. in aggressive
environments,

The developed compositicnally gradient graphite material of SiC/C compos-
ed of surface SiC coating layer, middle SiC/C layer and graphite matrix, in
wvhich the SiC concentration gradually decreases from the surface to the inside
, exhibited an excellent oxidation characteristic with thermal cyclic resist-
ance at high temperatures in air [Z]. And although the number of tested sam-
ples was only a few, the fruitful prospect for development of high oxidation
resistant carbon and graphite materials could be obtained from the previous
report [Z2].

The compositionally gradient material of S$iC/C is produced by the follow-
ing tvo processes ; O The first process is to form the middle SiC/C layer at
the near surface of substrate carbon and graphite materials by the reaction
between carbon and gaseous Si0. The formed SiC/C layer has a gradient in con-
centration of SiC due to surface and in-pore diffusion reacticns. @ The second
process is to coat SiC by chemical vapor deposition method on the middle SiC/C
layer. Finally, the compositionally gradient material of SiC/C, which is com-
posed of surface Sif coating layver, middle SiC/C layer and graphite matrix, is
completed,

The integrity, the reliability, etc. of the produced compositionally gra-
dient material are strongly dependent on the adhesion, the stability, etc. of

surface SiC coating layer. And for these characteristics of surface SiC coat-
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ing layer the morphology of the substrate, i.e., middle SiC/C layer, may be
one of the key factors.

This study aims to confirm the high performance of the developed composi-
tionally gradient graphite material inculding the influence of morphology of
middle SiC/C layers compared with two kinds of SiC coated graphite materials

under severe thermal cyclic oxidative condition.

2. EXPERIMENTAL PROCEDURE

2.?. Materials

2.1.1. Compositionally gradient graphite material of SiC/C

Materials used for the formation of middle SiC/C layer were an isotropic
fine-grained nuclear grade graphite, IG-110 graphite (Toyo Tanso Co., Ld.),
and solid Si0 of 99.9 % purity. The graphite sample was in the form of a cyl-
inder, 20 mm in length and 10 mm in diameter, with convex sides (2 R & 4 R).
Solid Si0 in powder form changes into gaseous Si0 at high temperature in inert
environments., The middle SiC/C layer was formed by the following reaction in
a high purity helium stream at the reaction temperature of 1380 C and the Sil
gasification temperature of 1300 °C,

2 ¢ (solid) + Si0 (gas) — SiC (solid) + CO (gas) ~-rerveeee D,
ifter the reaction O, the mass gain was observed due to the formation of SiC.
Larger mass gain means higher SiC concentration and deeper SiC/C layer in the
graphite sample. However, the excessive mass gain, e.g., arcund 3 % , induced
the failure of sample caused by volume expansion [11.

For the study of influence of the morophology of middle SiC/C layer on
the adhesion and the stability of surface SiC coating layer, the graphite ma-

terials with various SiC/C layers (SiC/C), mass gains of which were 0,37~2.66 %,
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one of the key factors.

This study aims to confirm the high performance of the developed composi-
tionally gradient graphite material inculding the influence of morphology of
middle SiC/C lavers compared with two kinds of SiC coated graphite materials
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Larger mass gain means higher SiC concentration and deeper SiC/C layer in the
graphite sample. However, the excessive mass gain, €.g., arcund 3 ¥ , induced
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terials with various SiC/C layers (SiC/C), mass gains of which were 0.37~2.66 %,
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vere prepared by controlling the reaction time of the formula @.
The compositionally gradient graphite materials of SiC/C, i.e., SiC coat-
ed the SiC/C (SiC-SiC/C), is produced by chemical vapour deposited (CVD) SiC

coating on the SiC/C. The SiC coating thickness by CVD was around 100 um.

2.1.2. SiC coated graphite materials

Two kinds of SiC coated graphite materials were produced by CV¥D SiC coat-
ing with same coating condition as that on the SiC/C. One of two substrate
graphite is the same one as the basic material, IG-110 graphite, of the SiC-
SiC/C. The other is SiC-6 graphite (brand name of Toyo Tanso Co., Ld.) which
is the fittest graphite for surface SiC coating because that the thermal ex-
pansion coefficient is about the same as that of f-SiC. Both the graphite
samples were also in the form of a cylinder, 20 wm in length and 10 mm in di-
ameter, vith convex sides (4 R). 1In this connection, the values of thermal
expansion coeffient for B -SiC, IG-110 graphite and SiC-6 graphite are 4.7X
1075 /K (283~2400 K) [3]1, 4.1x107®/K (293~673 K) [4] and 5.0X107°/K (623~723 K)
{5], respectively.

Moreover, it was identified by X-ray analysis, etc. that both the SiC coat-

ed by CVD and formed by the reaction @ had a structure of f-SiC crystal.

The all surface SiC coatings by CVD were performed by the outside with
taking account of the temperature of basic materials is kept lower than 1380
C of the reaction O because of the maintenance of SiC/C compositionally gra-
dient in the SiC/C.

2.2. Thermal Cyclic Oxidation Test

For all specimens the thermal cyclic oxidation test was carried out. In
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the test, the specimens were heated with a heating rate of 20 *C/s up to 1020
°C and kept at this temperature for 5 min in air, and then vater-quenched in
distilled water of 20 °C. The thermal cycle was repeated till the surface SiC
coating layer vas completely failed, in other words till the mass of specimen -
decreased over 10 % of the original mass. Isothermal heating, which was con-
ducted at 800 °C in air for 1 h, was continued for evaluation of the integrity
of surface SiC coating layers after each thermal cycle.

Prior to the thermal cyclic oxidation test, for all specimens the preheat
treatment at 800 C for 1 h in air is given in order to confirm the integrity
of as-received SiC coating layers. And only the sound specimens shown no mass
change were tested,

In the case of that the SiC coating layer is damaged and/or failed by the
thermal cycle, the specimen shows mass loss mainly by reason of the oxidation
of substrate graphite through the cracks in the SiC coating layer and/or at
the parts of spalled SiC coating layer during the isothermal heating.

The thermal cyclic oxidation behavior for all tested samples was princi-
pally evaluated by mass change measurement before and after each thermal cycle
and the isothermal heating. The evaluation process by mass measurement is il-

lustrated in fig.l.

3. RESULTS AND DISCUSSION

3.1. Comparison among Materials

The mass loss curves of the SiC-SiC/C plotted as a function of cumulated
isothermal heating time and number of cycles are given in fig. 2 compared wvith
those of the SiC coated IG-110 (SiC-IG-110). Fig. 3 shows the mass loss curves
of the SiC coated $iC-6 (SiC-SiC-6) together with the data range for the SiC-

$iC/C. Figs, 2 and 3 indicated that the characteristic of the SiC-SiC/C against
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$iC/C. Figs. 2 and 3 indicated that the characteristic of the SiC-5iC/C against
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thermal cycle was more stable than that of the Si{-IG-110 and a little inferi-
or tc that of the SiC-8iC-6.

SiC is oxidized by the following reaction in air,

SiC (solid) + 2 0. (gas) — Si0. (solid) + CO. (gas} r=rrereveer @,
and the formed very thin Si0, layer on SiC is very stable up to around 1000°C
[6}3. During the surface SiC coating layer maintains its integrity, the speci-
men exhibites no significant mass loss [2]. The observed mass less is, there-
fore, related to the damage and/or the failure of surface SiC coating layer.

The damage and/or the failure of coating layer mainly results from the
thermal stress induced at an interface due to the difference of the thermal

expansion coefficents between the coating layer and the substrate material.

For the SiC-SiC/C the induced thermal stress hardly concentrates at a
certain place because of the existence of SiC/C layer as a wide interface be-
tween the surface SiC coating layer and the substrate graphite (see fig. 4 (a)).
Moreover, the initiated place of crack might be not the macroscopic interface
between surface SiC coating layer and middle SiC/C layer but the microscopic
interface between SiC and C in the middle SiC/C layer.

The different mass loss behavior between the SiC-IG-110 and the SiC-SiC~
6, which have clear interfaces as a line (see fig. 4 (b)), is caused by the dif-
ferent thermal expansion coefficents of both substrate graphite materials. Since
the value of thermal expansion coefficent, 5.0X107%/K, of SiC-6 graphite is
nearly the same as that, 4.7X10°%/K, of B-5iC compared with that, 4.1X 107% /K,
of IG-110 graphite, the induced thermal stress at the interface between S5iC
coating laver and SiC-6 was minimized. Othervise the stresses induced in S5iC
coating layers on both graphite materials at a cooling process show different
directions, i.e., the stresses for the SiC-SiC-6 and the SiC-IG-110 are com-
pressive and tensile ones, respectively, because of the large and small rela-
tionship of the thermal expansion coefficents between B-SiC and SiC-6 or IG-110.

The stress directions induced in SiC coating layers and substrate materials at
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cooling process is conceptionally illustrated in fié. 5. The different stress
directions in §1iC coating iayers on both graphite might also give the differ-
ent mass loss behavior between the SiC-SiC-6 and the SiC-IG-110.

In conclusion, the $iC-SiC/C, which has no clear interface as a line, and
the SiC-SiC-6, which is used the most fitted graphite for SiC coating as the

substrate material, exhibit more stable characteristic against severe thermal

cycle,
3.2, Mass Loss Behavior

From the curves in figs. 2 and 3, it can be seen that the $iC-SiC/C has a
time or a cvcle margins from significant mass loss to rapid mass loss compared
with tvo kinds of SiC coated graphite materials, For more detailed information
on the time or the cycle margins, the significant mass loss and the rapid mass
loss vere defined by a crack initiation in surface SiC coating layer and a fail~
ure {or spallation) of surface SiC coating layer, respectively. Expressing in
figures, the crack initiation, i.e., a point shown significant mass loss, is the
time or the number of cycles given about 0.2 % mass loss, and the failure {or
spallation), i.e., a transition point shown rapid mass loss, is the time or
the number of cycles given about 1.8 % mass loss.

The time or the number of cycles to crack initiatien {a), the time or the
number of cyeles to failure (b) and the time or the cycle margin from crack
initiation to failure (b-a) for the surface SiC coating layers of all tested
specimens are summarized in table 1. For convenience, these times plotted as
a function of mass gains of the SiC/C are shown in figs. 6, 7 and 8 together
with comparative data for the SiC-SiC-6 and the 5iC-1G-110, respectively. As
can be seen these figures, the times to crack initiation and to failure of the
$31C-SiC/C are so later than those of the SiC-IG-110 and a little earlier than

those of the SiC-SiC-6, and the time margins from crack initiation to failure
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of the SiC-8iC/C are much longer than those of both the SiC coated graphite
materials.

The longer time margin of the SiC-SiC/C might be caused by the substrate
conditions beneath the surface SiC coating layer. The mass loss is directly
related to the oxidation of substrate materials through the cracks initiated
in the surface SiC coating layer and at the parts of spalled SiC coating lay-
er. Fig. 9 [1] shows the oxidation behavior of both the substrate materials,
i.e., the $iC/C and IG-110 graphite, at 800°C in air, which indicated that the
oxidation rate of the SiC/C was lower than those of graphite materials. There-
fore, for both the SiC-IG-110 and the SiC-SiC-6 the substrate graphite beneath
the surface SiC coating layer is rapidly oxidized by oxygen through the cracks
as soon as cracks initiated in the SiC layers and then the SiC layer peels off
immediately due to the loss of substrate. After the spallation of surface SiC
coating layer, the mass decreases violently caused by the direct oxidation re-
action between substrate graphite and oxygen.

The discussion mentioned above on the process from crack initiation to
failure for surface SiC coating layers of the SiC-SiC/C and both the SiC coat-
ed grtaphite materials (SiC-C) is schematically illustrated in fig. 10.

The conclusicn is that the slow oxidation rate of the SiC/C as substrate
material by oxygen through the cracks in surface SiC coating layer leads the
longer time margin from crack initiation to failure for the surface SiC coat-

ing laver on the SiC-SiC/C.

3.3. Influence of Middle SiC/C Layer’s Morphology

With respect to the influence of morphology of middle SiC/C layer on the
adhesion and the stability of the surface SiC coating layer, as can be seen from
figs. 6, 7 and 8, the time to crack initiation, the time to failure and the time

margin from crack initiation to failure were independent of the mass gain, i.e.,
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the morphology of middle SiC/C layer. It seemed that these characteristics of
surface SiC coating layer were related to the oxidation characteristic of the
SiC/C, especially after crack initiation, hovever even the time margin did not
depend on the mass gain. Larger mass gain directly contributes to increasing
of the SiC concentration and of the porosity in the middle SiC/C layer. The
oxidation rate of the S$iC/C must decreases wvith increasing the 5iC concentra-
tion and increases with increasing the porosity. It has already been confirmed
that although the oxidation rate of the SiC/C is lower than those of virgin
graphite materialsas shown in fig. 8, the rate is independent of the mass gain.
It can be concluded that the adhesion and the stability of surface SicC
coating layer on the SiC/C does not depend on the morphology of middle SiC/C
layer due to the counterbalanced effect between the increase of SiC concentra-

tion as an advantage and the increase of poresity as a disadvantage.

4, SUHMARY AND CONCLUSIONS

For the confirmation of high performance of the developed SiC~SiC/C com-
posed of surface SiC coating layer, middle SiC/C layer and graphite matrix in-
culding the influence of morphology of middle SiC/C layers, the thermal cyclic
oxidation test for many kinds of the SiC-SiC/C, which have different SiC/C
layers, and two kinds of SiC coated graphite, i.e., the SiC-IG-110 and the $iC
-8iC-6, were performed in aggressive oxidative environment. The conclusions
obtained showed that:

(1}The SiC-SiC/C exhibited an excellent thermal cyclic resistance under severe
thermal cyclic condition.

(2)The SiC-SiC/C had the longer time or the more cycle margins from crack ini-
tiation to failure for the surface SiC coating layer compared with both the
SiC coated graphite materials, although the times or the number of cycles

to crack initiation and to failure vere a little earlier than those of the
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the morphology of middle SiC/C layer. It seemed that these characteristics of
surface SiC coating layer were related to the oxidation characteristic of the
SiC/C, especially after crack initiastion, however even the time margin did not
depend on the mass gain. Larger mass gain directly contributes to increasing
of the SiC concentration and of the porosity in the middle SiC/C layer. The
oxidation rate of the $iC/C must decreases with increasing the 5iC concentra-
tion and increases with increasing the porosity. It has already been confirmed
that although the oxidation rate of the SiC/C is lower than those of virgin
graphite materialsas shown in fig. 8, the rate is independent of the mass gain.
It can be concluded that the adhesion and the stability of surface SicC
coating layer on the SiC/C does not depend on the morphology of middle SiC/C
layer due to the counterbalanced effect between the increase of SiC concentra-

tion as an advantage and the increase of porosity as a disadvantage.

4. SUMMARY AND CONCLUSIONS

For the confirmation of high performance of the developed SiC-SiC/C com-
posed of surface SiC coating layer, middle SiC/C layer and graphite matrix in-
culding the influence of morphology of middle S$iC/C layers, the thermal cyclic
oxidation test for many kinds of the SiC-SiC/C, which have different Sic/C
layers, and two kinds of SiC coated graphite, i.e., the SiC-IG-110 and the SiC
-8iC-6, vere performed in aggressive oxidative environment. The conclusions
obtained showed that:

(1)The SiC-SiC/C exhibited an excellent thermal cyclic resistance under severe
thermal cyclic condition,

(2)The §$iC~SiC/C had the longer time or the more cycle margins from crack ini-
tiation to failure for the surface SiC coating layer compared with both the
SiC coated graphite materials, although the times or the ‘number of cycles

to crack initiation and to failure were a little earlier than those of the
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5iC-SiC-6 used the fittest graphite for Sif ceating as the substrate.
(3)The adhesion and the stability of surface SiC coating layer for the SiC-SiC

/C were independent of the morphology of middle SiC/C layer.

REFERENCES

[1] K. Fujii, H. Imai, S. Nomura and M. Shindo, J. Nucl. Mater. 137(1992)204.

[2] K. Fujii, J. Nakano and M. Shindo, Improvement of the oxidation resistance
of a graphite material by compositionally gradient SiC/C layer, J. Nucl.
Mater. in press,

[3] G. V. Samsonov and I, M. Vinitskij, Data Book for High Melting Point
Compounds, translated into Japanese by the Translation Group of Nisso
Tsushinsha, Nissc Tsushinsha (1978)p.217.

[4] T. Iyoku, S. Shiczawa, M. Ishihara, T. Arai and T. Oku, Nucl. Eng. Des.
132{1991)23.

[5] Graphite Applications, Catalog of Toyo Tanso Co., Ld.

[6] K. Motzfeldt, Acta Chem, Scand. 18(1964)1596.



JAERI-M §3-189

SiC-SiC-6 used the fittest graphite for SiC cecating as the substrate,

(3)The adhesion and the stability of surface SiC coating layer for the SiC-SiC

/C were independent of the morphology of middle SiC/C layer.

REFERENCES

1]
(2]

£3]

(43

[5]
(63

K. Fujii, H. Imai, S. Nomura and M. Shindo, J. Nucl. Mater. 137(1992)204.

K. Fujii, J. Nakano and M. Shindo, Improvement of the oxidation resistance
of a graphite material by compositionally gradient SiC/C layer, J. Nucl.
Mater. in press.

G, V. Samsonov and I, M. Vinitskij, Data Book for High Melting Point
Compounds, translated into Japanese by the Translation Group of Nisso
Tsushinsha, Nisso Tsushinsha (1876)p.217.

T. Iyoku, S. Shiozawa, M. Ishihara, T. Arai and T. Oku, Nucl. Eng. Des.
132(1991)23.

Graphite Applications, Catalog of Toyo Tanso Co., Ld.

K. Motzfeldt, Acta Chem. Scand. 18{1964)1586,



JAERI-M 93-159

Table 1 Time or number of cycles to crack initiation in SiC coating
layer (a), time or number of cycles to failure of SiC coating
layer (b) and time or cycle margins from crack initiation to

failure for SiC coating layer (b-a) of all tested specimens.

Specimen and | Crack initiatien Failure Margin
mass gain of | (0.2% mass loss) | (1.8% mass loss) | h & (cycle)
Sic/C (%) h & (cycles) h & (cycle)
SiC-SiC/C{2R) _
0. 37 45.0 (42) 74.5 (69) 29.5 (27)
0. 38 37.0 (35) 64.0 (60) 27.0 (25)
1. 32 23.5 (22) 47.5 (44) 24,0 (22)
2, 08 36.5 (34) 53.0 (49) 16.5 (15)
$iC-SiC/C(4R)
0. 98 38.0 (36) 63.0 (59) 25.0 (23)
1. 00 29.5 (28) 58.5 (54) 29.0 (26)
1. 21 33.0 (31 65.0 (60) 32.0 (29)
1.45 33.5 (37) 63.0 (59) 23.5 (22)
2. 66 60.5 (56) 111.5(103) 51.0 (47)
0. 38 26.5 (25) 56.0 (52) 29.5 (27)
SiC-I1G-110
® no SiC/C 7.0 (7) 10.0 (10) 3.0 (3)
@ " 1.5 (2) 3.5 (4) 2.0 (2)
@ " 2.5 (3) 4.0 (4) 1.5 (1)
@ n 4.5 (5) 5.5 (6) 1.0 (1)
SiC-SiC-6
@ no SiC/C 83.5 (78) 84.5 (78) 1.0 (0)
@ " 38.5 (36) 43.5 (41) 5.0 (5)
® " 73.0 (68) 76,0 (71) 3.0 (3)
@ " 69.5 (65) 70.5 (66) 1.0 (D
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(DPre-heat Treatment
- | Mass Measurment

@Thermal Cycle
Test(1 cycle)

| »Mass Measurment

@Isothermal Heating,
800°C, 1 h

| »Mass Measurment

Repeat of @ & ®

Fig. 1 Evaluation process by mass measurement for thermal cyclic oxidation test.
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(a) SiC-SiC-6

SiC (4.7X107°/K)
- compression —
N\ " «/
mm\ﬁ% tension %7/
—  comp., €

SiC-6
(5.0X107°%/K)

(b) SiC-IG-110

SiC (4.7X10°%/K)
compression
tension

compression
77

I1G-110 (4.1X107°%/K)

Fig., 5 Conceptional model of induced stress directions in 5iC coating layers

and substrate materials of SiC-SiC-6 and SiC-IG-110 at cooling process.
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Fig. 6 Time to crack initiation in SiC coating layer of the S$iC-SiC/C as a
function of mass gain of the SiC/C together with comparative data for

both SiC coated graphite materials (without the SiC/C layer).
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Fig, 7 Time to failure of surface SiC coating layer of the SiC-8SiC/C as a
function of mass gain of the SiC/C together vith comparative data for

both SiC coated graphite materials {without the SiC/C layer).
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Fig. 8 Time margin from crack initiation to fajlure for surface SiC coating
layer of the 8iC-SiC/C as a function of mass gain of the SiC/C together
vith comparative data for both SiC coated graphite materials {(without

the SiC/C layer).
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(1D No damage or failure

,.___._§SiC‘SiC/ C) _-Si0ax_ (SiC-C)

(3D Continuation of (2) {(3D)Failure

Spallation

Fig. 10 Process from crack initiation to failure for surface SiC coating layers
of the SiC-SiC/C and both SiC coated graphite (SiC-C).



