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Abstract

The mechanical properties of the interfaces of two families of chemical vapor infiltration SiC/SiC composites, ad-
vanced Tyranno-SA and Hi-Nicalon fibers reinforced SiC/SiC composites with various carbon and SiC/C interlayers,
were investigated by single fiber push-out/push-back tests. Interfacial debonding and fibers sliding mainly occurred
adjacent to the first carbon layer on the fibers. The interfacial debonding strengths and frictional stresses for both
Tyranno-SA/SiC and Hi-Nicalon/SiC composites were correlated with the first carbon layer thickness. Tyranno-SA/SiC
composites exhibited much larger interfacial frictional stresses compared to Hi—Nicalon/SiC composites. This was
assumed to be mainly contributed by the rather rough surface of the Tyranno-SA fiber.

© 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

There is a strong demand for high performance ce-
ramic matrix composites for application in advanced
energy systems, such as nuclear fusion reactors. SiC/SiC
composites are considered to be the most potential
candidates in the conceptual designs of fusion reactors
[1]. Tt is well recognized that the quality of the fiber/
matrix interface is one of the key roles for SiC/SiC
composites [2]. Damage tolerance results from the de-
viation of matrix cracks into the interface. This phe-
nomenon can be controlled through the deposition of a
single coating or multiple coatings on the fibers. Carbon
remains the most efficient interphase [3]. However, it is
very sensitive to oxidation. Improving the oxidation
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resistance requires thinner carbon interphases while de-
viation of matrix cracks needs sufficient thickness of the
interphases. Recently, an alternative multiple interphase,
(PyC-SiC),, has been developed [4]. Improved oxidation
resistance of the multilayers is expected by sufficient
thickness of the carbon sub-layer.

In the previous work, the flexural properties of 2D
plain-woven chemical vapor infiltration (CVI)-Hi-Nic-
alon™/SiC composites with various carbon and SiC/C
layers were studied [5]. The results indicated strong in-
fluences of the layers on the materials properties. Re-
cently, another family of SiC/SiC composites, advanced
Tyranno-SA fiber (2D plain-woven) reinforced CVI-
SiC/SiC composites, have been developed and the tensile
performance upon unloading-reloading cycles was in-
vestigated [6]. These results indicated strong interfaces in
these composites.

The primary objective of this study is to extract the
interfacial debonding strength (IDS) and frictional stress
(IFS) of the two families of SiC/SiC composites using
single fiber push-out/push-back tests. The influences of
the layers and fibers surface roughness have been in-
vestigated, too.
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2. Experimental
2.1. Materials

The composites and their porosities and interlayer
structures investigated in this study are given in Table 1.
Detailed information about the composites fabrication
and layers examination is published elsewhere [5,6].
Composites with initial T in the specimen [.D. in Table 1
are reinforced with 2D as-received Tyranno-SA fabrics
and those with initial H are reinforced with 2D as-
received Hi-Nicalon fabrics.

2.2. Single fiber push-out/push-back tests

Single fiber push-out/push-back tests were carried
out to extract the IDS and IFS, respectively, using a load
controlled micro-indentation testing system with a tri-
angular diamond pyramidal indenter. The specimens
were carefully ground and polished with a final polish
diamond paste (with the grain size of 1 um). The detailed
push-out/push-back test procedure was described else-
where [7]. About 20 push-out and 15 push-back tests
were conducted for each specimen. Both IDS and IFS
were defined by

S =P/Dt,

where P is the push-out/push-back loads [7]. D and ¢ are
the fiber diameter and specimen thickness. The pushed
and popped fibers as well as interfacial debondings were
examined by field emission scanning electron micro-
scopy using JEOL JSM-6700F.

3. Results and discussion

Fig. 1 shows typical push-out/push-back load—
indenter displacement curves obtained in this study.
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Fig. 1. Representative single fiber push-out/push-back load-
displacement curves.

Each step of the curves has been explained in detail by
Hinoki [7]. The push-out load, P, in the figure, is es-
sentially the load for fiber debonding and sliding as well
as contributions from fiber elastic/plastic deformation
and Poisson expansion effects. The push-back load, P, in
the figure, is mainly used to initiate the sliding of the
debonded fiber. In the present study, P, and P, are used
to define the IDS and IFS, respectively.

Fig. 2 shows the SEM image of a push-back fiber after
a push-out test in the specimen from composite T-SiC/
C150, in which a SiC layer of 150 nm thickness was de-
posited on the fibers prior to the deposition of a 150 nm
carbon layer. Fig. 2 shows that the SiC layer was pushed
out together with the fiber while the carbon layer re-
mained in the matrix. This indicates that debonding
and sliding occurred at the interface between carbon
and SiC layers during the push-out and push-back tests.
Similar behaviors were observed in the specimen from
another SiC/C layered Tyranno-SA/SiC composite,

Table 1

The SiC/SiC composites and interfacial debonding/frictional stresses
Specimen 1.D. Interlayer structure and thickness® (nm) Porosity (%) Specimen thickness (um) IDS* (MPa) IFS* (Pa)
T-NL F/M 10.6 33 >633 -
T-C50 F/C* ®)/M 20.4 80 331 (140) 63 (28)
T-C100 F/C'0 9)/M 15.1 35 342 (97) 161 (40)
T-C200 F/C?0 G9/M 14.6 111 195 (51) 98 (39)
T-SiC/C80 F/SiC!3° 2380 5)/m 16.4 73 414 (117) 149 (64)
T-SiC/C150 F/SiC'%0 (29)/C130 28)/Mm 21.8 55 284 (96) 101 (38)
H-NL F/IM 15.8 34 505 (91) 49 (14.3)
H-C150 F/C'* 2h/M 15.3 60 212 (33) 26 (7.1)
H-C220 F/C?0Gh/M 17.4 55 121 (31) 21 (6.9)
H-C760 F/C7%0 (116 /M 17.9 76 71 (31) 18 (6.4)
H-SiC/C380 F/SiC° (42)/C380 51 /M 18.4 89 81 (14) 37 (7.4)
H-C80/SiC/C F/C% (13)/SiC!30 29/ (19 /M 15.3 58 103 (10) 13 (3.3)

#Included in parentheses are the standard deviations.
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Fig. 2. SEM image of a push-back fiber of composite T-SiC/
C150.

namely T-SiC/C80. Debonding and fiber sliding were
found to always take place at the fiber/carbon interfaces
for single carbon layered Tyranno-SA/SiC composites.
For the Hi-Nicalon/SiC composites, debonding and
sliding occurred mostly along the very fiber surfaces,
with occasional debonding at the SiC/C layers interfaces
in the composite H-SiC/C380. The first layer on the fibers
in this composite is SiC. However, three-point bending
[5] and recycle tensile tests [8] revealed interfacial deb-
onding and fiber sliding mostly at the SiC/C layers in-
terfaces in this composite. SEM examination revealed
that for both composite families, debonding and fiber
sliding always occurred at the fiber/interlayer interfaces
when carbon was first deposited on the fibers. A first SiC
layer on the fibers seems likely to move the fiber/matrix
debonding to the SiC/C layers interface.

3.1. Interfacial debonding and frictional stresses

The IDS and IFS values of the composites derived
from the push-out/push-back curves are summarized in
Table 1. A wide range of IDS, from 71 to >633 MPa,
was obtained. Both IDS and IFS of Tyranno-SA/SiC
composites are larger than that of Hi-Nicalon/SiC
composites, especially for the IFS.

3.2. Influence of first carbon layer thickness

As discussed before, interfacial debonding and fiber
sliding seem to take place mostly at the interface adja-
cent to the first carbon layers in both composite families.
Rebillat et al. [3] has reported that the interfacial char-
acteristics seemed to be related to the thickness of the
first carbon layer on the fibers in as-received Nicalon
fiber reinforced CVI-SiC/SiC composites with (C-SiC),
interlayers [3]. Therefore, the IDS and IFS in this study,
are correlated with the first carbon layer on the fibers.
Fig. 3 shows the IDS of Tyranno-SA/SiC and Hi-Nic-
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Fig. 3. The first carbon layer thickness dependence of the IDS.

alon/SiC versus the first carbon layers thickness. Both
composite families exhibit a strong carbon layer thick-
ness dependence of the IDS. The IDS of Tyranno-SA/
SiC decreased quickly from over 633 to 195 MPa with
increasing the carbon layer thickness up to 200 nm. A
similar trend is as well demonstrated by the Hi-Nicalon/
SiC composites. In case the carbon layer is thicker than
200 nm, the Hi-Nicalon/SiC composites exhibit almost
stable IDS. This suggests that no significant influence on
the IDS is provided by the carbon in the carbon layers
beyond 200 nm for Hi-Nicalon/SiC composites. Fig. 3
indicates lower IDS of composite H-C80/SiC/C. SEM
examination of the specimen revealed a large amount of
fibers, which were pre-debonded, likely due to some
damages of the interface near the polished surface dur-
ing the cut and polishing process.

Regarding the IFS of the two composite families to
the first carbon layer thickness revealed similar trends as
that of IDS, as shown in Fig. 4. The IFS of Tyranno-SA/
SiC is substantially larger than that of Hi-Nicalon/
SiC, with the highest value of 161 MPa achieved by

® Tyranno-SA/SiC 1
B Hi-Nicalon/SiC

[\

[=3

(=}
T

—_

(=)

(=}
T
1

0
.
.
o

—_

[

(=1
T

80 [ 9

40 £

- @@......... ............... .

Interfacial frictional stress / MPa

0
0 100 200 300 400 500 600 700 800 900
First C-layer thickness / nm

Fig. 4. The first carbon layer thickness dependence of the IFS.
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composite T-C100. Among the Hi-Nicalon/SiC com-
posites with interlayers, the highest IFS was obtained by
the composite H-SiC/C380, although 380 nm thick car-
bon was applied. This indicates that the deposition of
SiC layers on as-received Hi-Nicalon fiber might in-
crease the composite IFS. No effect like this was noticed
in the Tyranno-SA/SiC composites. Fig. 4 shows that
almost no further decrease of the IFS of Hi-Nicalon/SiC
composites occurred when the carbon is thicker than
200 nm.

3.3. Influence of fiber surface roughness

Interfacial roughness has been shown to contribute
substantially to the interfacial friction [9]. Fig. 5 shows
the SEM images of the surfaces of the Tyranno-SA and
Hi-Nicalon fibers. It is obvious that the surface of Tyr-
anno-SA fiber is much rougher compared to that of Hi-
Nicalon fiber. In SiC/SiC composites, the radial thermal
residual stresses on the fibers and the stresses induced by
the fiber surface roughness during fiber sliding can be
described with the equations from Jero et al. [9]:

o = k(o —ocf)AT—Hc(é)
Ry

where

EnLE¢
En(1=vf) +Er(14+0,)

K=

of, and of are the coefficients of thermal expansions
(CTE) of the fiber and matrix in radial direction, re-
spectively, as given in Table 2. T is the temperature
difference between fabrication (1273 K) and push-out/
push-back tests (293 K). J is the fiber surface roughness
amplitude given in Fig. 5. Ry is the fiber radius. Ey, Ey,, v}
and vy, are Young’s moduli and Poisson’s ratios of the
fiber and matrix. Since the Tyranno-SA fiber is essen-
tially a high-crystallized stoichiometric SiC fiber [10], the

| (a) Tyranno—SA 82 RRMS_S 74nm

Table 2
Some properties of the fibers and matrix
E (GPa) R (um) of, o, x 10762
(K™
Tyranno-SA 410 3.75 0.21 4.6
Hi-Nicalon 270 7.5 0.12 3.5
CVD-SiC 450 0.21 4.6

*RT to 773 K.

Poisson’s ratio and CTE are considered as the same
of chemical vapor deposition (CVD) SiC. The effects of
fiber texture and volume fraction in the composites are
neglected in this study.

The radial thermal residual stresses were calculated
to be zero for T-NL and 185 MPa for H-NL with the
fibers under compression. Stresses induced by the fiber
surface roughness are 219 and 30 MPa in Tyranno-SA/
SiC and Hi-Nicalon/SiC composites, respectively. The
stress induced by the fiber surface roughness in Tyr-
anno-SA/SiC is much higher than that in Hi-Nicalon/
SiC. It is even higher than the total stresses, consisting of
thermal residual stress and fiber surface roughness misfit
stress in the latter. Therefore, the large IFS of Tyranno-
SA/SiC composites are believed to be mainly due to the
rougher surface of the Tyranno-SA fibers. The relatively
higher IFS of H-SiC/C380 (see Fig. 4) is likely due to a
rougher fiber sliding surface between the SiC and the
carbon layers [8].

4. Summary

The interfacial debonding strength and frictional
stress of Tyranno-SA/SiC and Hi-Nicalon/SiC compos-
ites with various SiC/C interlayers have been investi-
gated using single fiber push-out/push-back tests.
Several conclusions can be summarized: (1) The IDS and
IFS of the two families of CVI-SiC/SiC composites are

Fig. 5. Roughness of (a) Tyranno-SA and (b) Hi-Nicalon fiber surfaces (SEM micrographs). Rgms means root-mean-square [7].
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obtained and quantitatively related to the first carbon
layer thickness. (2) A first SiC layer on the fibers dem-
onstrates the ability to control the fiber/matrix de-
bonding within the SiC/C multilayers rather than on
the very fiber surface. (3) Large IFS is exhibited by
Tyranno-SA/SiC composites. This is mainly attributed
to the rough surface of the Tyranno-SA fiber.
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