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Abstract—Carbon/carbon composites are frequently used with SiC coating so as to improve their
oxidation resistance. This oxidation protection coating has a thickness of about 100 um, so that the
properties of the coating might be different from those of bulk materials. However, it is rather difficult
to determine mechanical properties of coatings by the usual procedures. In the present paper, a micro-
indentation method was adopted to determine the fracture toughness and thermal residual stresses of
SiC coatings. It was concluded that fracture toughness can be evaluated if the indentation load is
sufficiently low, and thermal residual stress can be roughly determined, though scattering of the latter
was large.

Keywords: SiC coating; fracture toughness; micro-indentation; C/C composite; thermal stress.

1. INTRODUCTION

Carbon fiber-reinforced carbon matrix composites (C/Cs) are expected to be applied
to structures used at temperatures exceeding 1800 K, because they are the only
material known to maintain high strength and toughness in such environments
[1-4]. However, C/Cs are still at an early stage of development, and more
experimentation must be done before C/Cs are applied to primary load bearing
structures. The most serious problem with C/Cs is that they are vulnerable
to oxygen attack at elevated temperatures [5—8]. To improve their oxidation
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resistance, various coatings to be applied to the surface of C/Cs have been
investigated [1, 7—10]. Silicon carbide (SiC) coating, due to its stability at elevated
temperatures and relatively low thermal expansion, has been most widely examined.
However, excellent coating on a C/C is not easily formed. The thermal barrier
coatings are usually applied at temperatures exceeding 1200 K, and the coefficient
of thermal expansion (CTE) of a substrate C/C is, in general, extremely low.
Accordingly, during the process of cooling from the coating forming temperature,
cracking and/or debonding of the coating are usually induced. To protect against
oxygen ingression through these defects, a glass sealant is over-coated on the
thermal barrier coating. However, no sealant effective at temperatures exceeding
1200 K has yet been found. This indicates that, under current technology,
C/Cs cannot be used stably for long time under oxidative and high temperature
environments. Thus, to improve the performance of thermal barrier coatings on
C/C substrates, an understanding of thermal stresses induced in the coating process
and the corresponding mechanical properties of the coating is required.

In the present paper, we report an attempt to evaluate the fracture toughness of SiC
coating formed on a substrate C/C and the thermal residual stress induced in the
coating process. The thermal barrier coating usually has a thickness with an order
of magnitude of 100 wm. Thus, the properties should be different from those of bulk
material. Due to the thickness of the coating, it is not easy to measure its mechanical
properties; reported results are scarce [11, 12]. The indentation method using a
micro-hardness tester [13, 14] was adopted in the present study to determine the
fracture toughness of the SiC coating and the thermal residual stress in the coating.

2. EXPERIMENTAL
2.1. Materials

Two unidirectionally reinforced C/Cs fabricated by the preformed yarn method
[15] were used as substrates for SiC coating. Different suppliers made these C/Cs.
Across Co., Japan, fabricated an Acro-C/C plate 3-mm thick; Advanced Materials
Co., Japan, supplied an Adva-C/C plate 10-mm thick. The Acro-C/C was primarily
used for the measurements of fracture toughness and thermal stress, and the Adva-
C/C was used for supplemental purposes. The nominal fiber volume fraction of
both C/Cs was 50%.

A silicone carbide coating was formed on the surfaces of the C/Cs by a chemical
vapor deposition (CVD) method at 1473 K. Underneath the coating, a conversion
layer of several um thickness was formed by a chemical reaction of the substrate
carbon with gas phase Si. This layer was formed to improve the bonding between
the coating and the substrate. The CVD layers were not formed on the back side
as shown in Fig. 1 and were varied in thickness: 130, 160, and 180 um. Detailed
processing conditions of the CVD process are written elsewhere [10].

In addition to preparing the SiC-coated C/Cs, monolithic SiC was fabricated by
the CVD process. The monolithic SiC was at first formed on a graphite substrate
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Figure 1. Schematic drawing for specimens of indentation fracture toughness tests. (a) SiC-coated
Acro-C/C, (b) SiC-coated Adva-C/C.

(Toyotanso, IG310) under the same processing condition as that used for coating the
C/Cs. Then, by grinding and high temperature oxidation, the graphite substrate was
removed. The SiC coating on the C/Cs included many cracks due to high thermal
stresses, whereas the coating on the graphite did not. Thus, the monolithic SiC was
used for the measurements of stress free material.

2.2. Indentation tests

Fracture toughness and thermal stresses were determined by the indentation fracture
(IF) method [11-14]. This test was conducted using a micro-hardness tester
(Shimadzu: MCTE-501) with a diamond pyramid indenter having an apex angle
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of 136°. Before the test, specimen surfaces were polished using diamond paste,
gradually reducing particle diameter from 15 um to 1 um. After the tests,
indentation length and radial median crack length were measured using a laser
microscope.

2.2.1. Fracture toughness. The critical stress intensity factor K. was determined
by the indentation fracture (IF) method, following the Japanese industrial standard
JIS R 1607. In this standard, equation (1) is used for the determination of K:

K. = a(EP)?ac™3"?, (1)

where o, E, P, a, and ¢ denote constant, Young’s modulus, indentation load, half-
length of indentation diagonal, and half-length of radial-median crack, respectively.
In the JIS, 0.026 is recommended for . However, in the present study, o was
experimentally determined.

The indentation tests were carried out on three types of surfaces, as illustrated in
Fig. 1. In the fiber axis direction, the coefficient of thermal expansion, CTE, of the
C/Cs are much smaller than that of SiC. Thus, in this direction, high value (~3 GPa)
of tensile stress is induced as a result of cooling from coating treatment temperature.
This indicates that cracks in the coating occur in the direction perpendicular to the
fiber axis. In contrast, in the direction normal to the fiber axis, the CTEs of C/Cs
are larger than that of SiC, and compressive stress is induced. Considering that
extremely low stress should be induced in the through-the-thickness direction, it
is obvious that anisotropic tensile and compressive stress states were induced on
cross-sections A and B, respectively, and isotropic compressive stress state on the
surface C, as shown in Fig. 1.

2.2.2. Thermal residual stress. In the indentation method, thermal residual
stress, the normal stress perpendicular to radial-median crack og, is evaluated by
equation (2) [11, 12].

Krcs == Kc - 2O—R(C/T[)l/zv (2)

where K. is an apparent critical stress intensity factor obtained from equation (1)
under the existence of residual stress. More precisely, equation (2) neglects effect
of interaction of two radial-median cracks emanating to normal directions under an
anisotropic stress state. However, in the present study, K. was obtained from the
length of the median crack extending perpendicular to the normal stress we wished
to determine.

3. STRESS ANALYSIS

In order to discuss the accuracy of the experimental results, experimentally obtained
stresses in the SiC coating were compared with those predicted by the finite element
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Figure 2. A finite element calculation model for the anisotropic tensile cross-section used to
determine stress distributionin SiC coating.

method. An analytical model for cross-section A is shown in Fig. 2, where 8
node-point iso-parametric elements were used under the plane stress assumption.
In this cross-section, near periodic through-the-thickness cracks were induced in
the coating. Considering symmetry, the half-distance between adjacent coating
cracks and actual thickness were included in the model. The whole thickness was
used because there was no coating on the back surface. In addition, debonding
was observed along the interface between the coating and the C/C, as shown
in Fig. 3, and appeared to emanate from the coating cracks. Hence, the model
included debonding with an average or maximum length of 35 ywm or 90 um. The
calculations simulated thermal stress in the coating when temperature was lowered
from coating treatment temperature (1473 K) to room temperature. The material
constants used in the calculations are shown in Table 1 [16].

4. RESULTS AND DISCUSSION
4.1. Monolithic SiC

Baseline data were obtained using monolithic SiC with a thickness of 160 wm. The
IF tests of monolithic SiC were conducted on the cross-section. The discussion here
includes determination of the experimental constant in equation (1), indentation and
median-crack length as a function of load, and effective area for the IF tests.
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Figure 3. Cross-sections of SiC-coated C/C composite (Acro-C/C) observed with a laser optical
micro-scope. (a) Type A: debonding extending on the coating interface. (b) Type B: delamination
running underneath the interface.

4.1.1. Experimental constant. In the IF method, o in equation (1) should be
experimentally determined. The IF tests for the determination of o were performed
with a changing load along the center line of the monolithic SiC. Figure 4 represents
the result, and o was evaluated from the slope [17]. The critical stress intensity
factor for CVD-SiC was reported to be 20 J/m? (K. = 3.8 MPam'/?) [18]. The
solid line representing this value reasonably fits the experimental results. Thus, o
was determined to be 0.031.

4.1.2. Indent and radial-median crack. The indentation length (a) and crack
length (¢) were measured as a function load (P) as shown in Fig. 5. Theoretically,
a and c are proportional to P'/? and P?/3, respectively [13, 19]. The solid line
and dashed line in the figure are drawn based on this relation. From this figure, it
can be confirmed that the present experiments yielded excellent results. Figure 6
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Figure 4. Determination of experimental constant « in equation (1).
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Figure 5. Indentlength a and crack length ¢ as a function of applied load in indentation fracture tests.

represents K. obtained from the data shown in Fig. 5 and equation (1). This figure
demonstrates the constant Ki.. Thus, the IF method is verified to be effective to
measure K. in a load range of 1 to 5 N. Slight scattering, especially at 1 N, was
primarily due to the error in the measurement of c. When the load became smaller
than 1 N, crack tips were difficult to identify.

4.1.3. Effective area. 'When the IF tests were made near the free surfaces, a and ¢
varied with the test location of the thickness direction. In principle, the tests should
be performed at locations free from surface effects. To determine this ineffective
length, the IF tests were carried out with a changing distance from free surfaces.
In these tests, lengths of the cracks depended on the directions. Thus, the four
directions of the radial-median cracks were distinguished as A, B, C, and D as
shown in Fig. 7b: A and C represent cracks directed normal to the free surface,
and B and D that parallel to the free surface. The lengths of A and C, and of B and
D under a load of 2 N are plotted in Figs. 7a and b, respectively, as a function of
distance from the free surface. Based on these results, the IF tests are regarded as
effective when the distance is longer than 40 wm, at which the four cracks extended
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Figure 6. Critical stress intensity factor, KJc, obtained using equation (1) as a function of applied
load in indentation fracture tests.
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of A and C (a) and B and D (b).

the same length. Then, using crack lengths A and C, apparent Kj. was determined
using equation (1), and the results are shown in Fig. 8a and b for loads of 2 N and
4.9 N, respectively. Comparison of Fig. 8 and Fig. 7 reveals that the variation of K|
derived from differences in the determinations of crack lengths. Based on data like
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Figure 10. Variation of indent length with directions A, B, C, and D obtained by the IF tests in various
stress fields.

those shown in these figures, the distance free from the free surface effect, /, was
determined as a function of load, as shown in Fig. 9. In this figure, the length of 3¢
is also plotted, and the distance 3c is shown to agree with /. This indicates that the
IF tests should be made at a location further than 3¢ from the free surface.

4.2. SiC-coating on C/C

4.2.1. Crack and indent lengths. No thermal stresses are induced in the mono-
lithic SiC, though various residual stress states appears in SiC-coating on C/C, as
shown in Fig. 1. However, thermal stress should be extremely low in the thick-
ness direction due to low mechanical restriction from the substrate. Figures 10
and 11 show as and cs for such stress states in the 160 um SiC coating, where
the IF tests were carried out along the center plane of coating under a load of 5 N
on the anisotropic tensile cross-section A (Aniso-Tens), anisotropic compressive
cross-section B (Aniso-Comp), and isotropic compressive surface C (Iso-Comp). In
these figures, A, B, C, and D on the horizontal axis indicate the directions shown
in Fig. 10, and the values shown by horizontal solid lines represent the lengths in
the monolithic SiC. It can be seen in Fig. 11 that the difference in stress states seri-
ously affected ¢ but not a, as shown in Fig. 10. The crack length becomes larger in
the directions of tensile stress, A and C in Aniso-Tens, and becomes shorter in the
compressive direction, A and C in Aniso-Comp and all the directions in Iso-Comp.
However, the high values in the thickness direction, B and D of Aniso-Comp, are
strange, because very low stress is expected in this direction.

4.2.2. Thermal residual stress. Using equation (2) as well as the results in
Figs 10 and 11, thermal residual stress oy, was determined and compared with that
by the calculation using FEM. Figure 12 represents the comparison results in the
anisotropic compressive cross-section A. The solid and dashed lines in this figure
stand for the calculated stresses on the surface and along the interface, respectively,
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in various stress fields.
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Figure 12. Stress distributionin SiC coating for the anisotropic compressive cross-section B.

and the axis of the abscissa is normalized by the specimen length (Lj) of 3 mm.
Figure 12 clearly shows that the experimental and calculated values agree well.
This indicates that thermal residual stresses can be measured by the IF method.

Figure 13 shows the thermal residual stresses o,s in the isotropic compressive
surface C. In this figure, the horizontal axis is normalized by the specimen length
(Lo) of 15 mm, and the filled circles represent the calculated stresses on the surface.
In this plane, equation (2) is precisely satisfied (isotropic stress state), and the
experimental values are scattered around those calculated. Thus, the residual stress
oy, was judged to be very roughly estimated.

In the tensile cross-section B, partial debonding was observed along the coating
interface, as shown in Fig. 3a and b. The debonding originated at the coating cracks
and extended just on the interface, as in Fig. 3a, or beneath the interface as in b.
To evaluate the effect of the debonding, three stress distributions were calculated;
i.e. without debonding, and with debonding of the average length, 35 um, and the
maximum length, 90 wm. These three distributions are compared in Fig. 14, where
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Figure 14. Calculated stress distributionin SiC coating for the anisotropic tensile cross-section A.

the horizontal axis was normalized using the average distance between adjacent
coating cracks. As this figure shows, though the maximum thermal stress oy,
without debonding is 440 MPa, it relaxes to 134 MPa when debonding reaches
the maximum length. These calculation results were compared with experimental
values in Fig. 15, where the solid and dashed lines stand for o, s with no debonding
and average debonding, respectively. As shown in this figure, experimental values
tend to be slightly lower than those calculated, but the difference appears to be
within the scattering of experimental results.
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Figure 15. Comparison of calculated and experimentally obtained stress distributions for the
anisotropic tensile cross-section A.

As mentioned above, thermal stresses in the SiC coating were reasonably de-
termined by the IF method, except for the stress in the anisotropic compressive
cross-section B. In this case, the radial-median cracks in the B and D (thickness) di-
rection became larger than that without thermal stress. However, stress o, should
essentially vanish in this direction. We do not have a clear explanation for this un-
expected result, though we speculated that it is due to the large scattering inherent in
SiC [14]. For example, concerning a thicker glass coating, Futakawa et al. observed
more stable median crack growth and obtained more consistent stress values by the
IF method [11].

5. CONCLUSIONS

The indentation fracture method was adopted for SiC coating on C/C composites
in order to determine the fracture toughness of the coating and the thermal
residual stress induced in the coating. Fracture toughness was determined with
an indentation load ranging from 1 to 5 N. In the course of the experiments, it was
also shown that a smaller load is preferable for application of a thinner coating.
However, determination of crack length becomes more difficult under a smaller
load. With regard to thermal stress, the dimension of indentation was shown not to
be affected, but crack length was affected. Thus, the indentation method was shown
to be effective for rough estimation of thermal stresses, though scattering is large
and precise determination is difficult.
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