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Abstract

The fiber/matrix (F/M) interfacial shear strength (IFSS) of carbon/carbon (C/C) composites with PyC-TaC—PyC and PyC-SiC-TaC-
PyC multi-interlayers was investigated. To obtain C/C composites with PyC-TaC-PyC and PyC-SiC-TaC-PyC multi-interlayers, a thin
layer of PyC was deposited on carbon fibers. After this, TaC and SiC-TaC layer(s) were uniformly deposited on the PyC coated carbon
fibers. As an outer-layer, a PyC layer was deposited on these TaC and/or SiC-TaC coated carbon fibers by isothermal chemical vapour
infiltration (CVI) and then densified with resin carbon by impregnation and carbonization. Finally, C/C composites with PyC-TaC-PyC
and PyC-SiC-TaC-PyC multi-interlayers were obtained. The effects of PyC-TaC-PyC and PyC-SiC-TaC-PyC multi-interlayers on
interfacial shear strength (IFSS) of C/C composites were investigated. Single fiber push-out tests were conducted on the fibers aligned
perpendicularly on the thin slices specimen surface using nano-indentation. Results showed that the IFSS of C/C composites decreased
with the introduction of PyC-TaC-PyC and PyC-SiC-TaC-PyC multi-interlayers. After heat treatment (at temperatures ranging from
1400 to 2500 °C) of C/C composites with PyC-TaC—PyC multi-interlayers, it was found that the IFSS decreased with the increase in
temperature. This decrease in IFSS is explained by taking into account the microstructural variations on heat treatment.

Crown Copyright © 2013 Published by Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Carbon fiber-reinforced carbon (C/C) composites are of
interest for aerospace and aircraft industry as structural
materials due to their low density, high specific strength
and low coefficient of thermal expansion (CTE) at elevated
temperature [1,2]. However, the application of C/C com-
posites is restricted due to poor oxidation resistance of
carbon because it oxidizes at high temperature [3,4]. It has
been reported that the oxidation resistance of composites
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can be improved by depositing ceramic coatings on fibers
[5-9]. For example, B4,C, Si-B-C or Si—B-C/SiC multi-
layer coatings on carbon fibers have been shown to protect
C/C composites from oxidation remarkably well [10-12].
Furthermore, the mechanical properties of C/C composites
also depend on the load transferred at the fiber/matrix
(F/M) interface. Good interfacial bonding ensures the load
transfer efficiently from matrix to fiber, which is helpful to
reduce stress concentration and to improve overall
mechanical properties [13,14]. Compressive strength and
strain to failure, impact properties, fracture toughness and
fatigue life are particularly sensitive to the strength of F/M
interface [13]. If the interface is too weak, the fibers can be
pulled out of matrix at relatively low load. On the other
hand, if the interface is too strong, the brittle fracture
behavior can be induced [15,16]. Thus, through proper

0272-8842/$ - see front matter Crown Copyright © 2013 Published by Elsevier Ltd and Techna Group S.r.l. All rights reserved.

http://dx.doi.org/10.1016/j.ceramint.2013.01.080


www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2013.01.080
www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2013.01.080
dx.doi.org/10.1016/j.ceramint.2013.01.080
dx.doi.org/10.1016/j.ceramint.2013.01.080
mailto:longying0306@gmail.com

6490 Y. Long et al. | Ceramics International 39 (2013) 6489-6496

design of F/M interface, the oxidation resistance and
mechanical properties of C/C composites can be improved
effectively to enhance long term reliability of such materi-
als from an application point of view.

In our previous study [17-19], we found that the introduc-
tion of PyC-TaC-PyC and PyC-SiC-TaC-PyC multi-
interlayers had significant influence on the mechanical
properties of C/C composites [17-19]. Although, the fracture
mechanism, crack propagation and deflection along the F/M
interface have been investigated [17-19], for better under-
standing, the quantitative characterization of interfacial shear
strength (IFSS) at F/M interface needs to be studied. With
this aim, the IFSS at the interface in C/C composites with
PyC-TaC-PyC (1% and 3% TaC volume content) and PyC—
SiC-TaC-PyC (5% TaC volume content) multi-interlayers is
investigated for better correlation between F/M interface
microstructure and mechanical behavior. The ceramic multi-
layers and volume content of TaC in the composites studied
here were chosen on the basis of our previous work [17-19]
where it has been shown that the increase in TaC volume
content to 5% and/or 10% caused a decrease in flexural
strength of C/C composites with PyC-TaC-PyC multi-
interlayers [18]. On the other hand, when the TaC volume
content was lower than 1%, neither oxidation resistant nor
mechanical properties of C/C composites could be improved
significantly [19].

Up to now, several techniques, such as fragmentation tests
[20,21], pull-out tests [22,23], push-out tests [3,15,24,25],
push-in tests [26] and crack opening displacement [27,28]
have been applied to characterize the micromechanical
properties of the F/M interface in different composite
systems. Among the above mentioned techniques, only the
push-out tests gave a direct measure of in-situ interfacial
properties. The specimens for testing were in the form of thin
slices which can be cut from composites and therefore do not
need/require any special manufacturing of a model material
or test sample [15].

It has been demonstrated that the IFSS of C/C composites
could be measured through single fiber push-out tests using
nano-indentation [15] and micro-Vickers indentation [25].
An advantage of using nano-indentation technique is that it
enables one carry out single fiber push-out tests on C/C
composites with small fibers (~7 pm in diameter). Single
fiber push-out tests consist of loading a single fiber until
complete de-bonding occurs. The IFSS can be calculated
through the results obtained from push-out tests. The IFSS
of C/C composites obtained from normal fibers was
14.7 MPa, while for chemically strengthened fibers, the IFSS
was 58.3 MPa (see Ref. [15]). Further, it is known from the
literature that the measured IFSS data also depend on the
type of indenter used. For example, the IFSS values reported
in Ref. [25] were 37.3 MPa (measured using a spherical
indenter) and 24.6 MPa measured while using a pyramidal
indenter. As the fibers type, composites density and specimen
thickness, used in Ref. [15] and Ref. [25] are different; a direct
comparison of experimental data on IFSS between different
samples could not be made [15,25].

To our knowledge, there are few reports studying the
factors affecting the IFSS of C/C composites [15,25]. This
may be due to problems associated with the specimen
preparation, testing conditions, and/or availability of reliable
modeling methods [15]. Furthermore, there is no report
available in the literature studying the IFSS of C/C composites
with ceramic multi-interlayers, although mechanical properties
of such composites have been examined [17-19].

In the present study, single fiber push-out tests are
applied to measure the IFSS (using nano-indentation) of
C/C composites with and without ceramic (i.e. PyC-TaC-
PyC and PyC-SiC-TaC-PyC) multi-interlayers. In addi-
tion, C/C composites with PyC-TaC-PyC multi-interlayers
were heat treated from 1400 to 2500 °C to study the effect of
high temperature heat treatment on IFSS.

2. Experimental procedures
2.1. Materials preparation

Needle integrated felts were used as preforms. The felts were
made up of layers of non-woven long carbon fiber cloth and
short-cut fiber web followed by needle-punching step by step.
The carbon fiber was PAN-based (T300, 12k, Toray, Japan).
The density of preforms was about 0.56 g/cm?. A step by step
preparation process of C/C composites with PyC-TaC-PyC
and PyC-SiC-TaC-PyC multi-interlayers is shown in Fig. 1.
A PyC layer was first deposited on carbon fibers as a buffer
material using an isothermal chemical vapour infiltration
(CVI) method. A gas mixture of N,, H, and C3Hg was used
at 1100 °C to deposit a PyC layer. The pressure of the gas
mixture was less than 2 kPa. A SiC layer was then deposited
by an isothermal CVI method using methyltrichlorosilane
(CH5SiCl;). Hp and Ar mixture. The SiC layer was deposited
at 1100 °C with pressure less than 2 kPa and the molar ratio of
H, to CH;SiCl; was equal to 10. For the TaC layer, a TaCls—
C3Hg—Ar mixture was used. The TaC layer was deposited at a
temperature of 900 °C and pressure of 600 Pa. The molar ratio
of Ar:C3Hg TaCls was taken as 50:3:9 respectively.

Preforms were further deposited with PyC by CVI and
densified with resin carbon by impregnation and carbonization
with 2-3 cycles (see Fig. 1). The impregnation and carboniza-
tion consists of three steps; (i) Furan resin impregnation in
performs, (ii) solidification at 180-200 °C for 1h and (iii)
carbonization at 1000 °C for 2 h. Finally, bulk C/C composites
with PyC-TaCPyC and PyC-SiC-TaC-PyC multi-
interlayers were prepared. The final relative density of pre-
pared composites was about 88%. The C/C composites with
PyC-TaC-PyC multi-interlayers were then further heat treated

| Fiber preforms |—>| Deposition of PyC |—> Deposition of SiC ~>| Deposition of TaC |_>

| Deposition of PyC |—>|Resin Impregnationl—»l Carbonization |—> HTT ~—>| Composites |
2-3 cycles

Fig. 1. Step by step preparation process of C/C composites with PyC—
TaC—PyC and PyC-SiC-TaC-PyC multi-interlayers [19,32].
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for 2h (using high temperature Graphitization Induction
Furnace; Model: ZGSJ-100-28) at temperatures ranging from
1400 to 2500 °C in argon atmosphere. For heating up to
1500 °C, the heating rate was set at 1000 °C/h, while for heat
treatment above 1500 °C, the heating rate was 300 °C/h.

2.2. Single fiber push-out tests and interfacial shear strength
(IFSS) evaluation

Single fiber push-out tests were performed by using a
nano-indentation technique. A MTS Nano-indenter XP
instrument with a Berkovich diamond indenter was used.
A constant load at the rate of 0.2 pum/s was applied until
the preset maximum load of 200 mN was reached. For
single fiber push-out tests, a thin specimen is required to
fracture the whole interface of the loaded fiber and to push
it out completely. The prepared thin slices of thickness
88 +4 um were then fixed to an aluminum holder with a
groove located below the tested fibers. The groove was
wide enough to facilitate the extraction of fibers while
limiting the specimen bending. The specimens were then
polished to obtain a smooth surface by standard metallo-
graphic procedures down to 0.25 um by using SiC sand-
paper. The well-polished specimens were dried before
measuring to minimize the effects of water on the results
[29].

A 40 x optical microscope was used to control specimen
positioning and to determine the tested fiber diameter. Each
indentation was made at the center of perpendicularly

ﬁ;Oﬁ
R

Fig. 2. Schematic of fiber radius and indentation position during single
fiber push-out test.

aligned fibers which was identified by its perfect circular
cross-section. It should be noted that due to the small fiber
diameter (~7 um), theoretically the indentation should be
printed within one-third of the fiber radius (as shown in
Fig. 2) during the fiber push-out tests. This ensured that the
indenter did not come in contact with the matrix before de-
bonding has occurred. At least 40 fibers were tested from
each specimen. The surface morphologies of specimens were
examined using a scanning electron microscope (SEM,
Philips XL30 FEG, The Netherlands) before and after
performing the push-out tests. All the data of IFSS
presented in this paper were obtained from pushing out
crack-free fibers (see explanation later in this paper).

A typical example of an indentation load—displacement
curve for a single fiber push-out tests is shown in Fig. 3.
At first, the indenter made inroads into the fiber (process A
shown in Fig. 3(a)). As the load increases, the crack
between the F/M interface initiates and propagates and
the fiber deforms elastically and pushes in during process B
(Fig. 3a). A flat region (process C in Fig. 3b), indicates the
fiber push-out, i.e. a sudden and complete de-bonding of
the interface. The indenter then touched the matrix and the
load increases again during process D. In case of a sudden
complete de-bonding (process C in Fig. 3(a), i.e. the flat
region of the load—displacement curve in Fig. 3(b)), the
IFSS can be approximated as the average shear strength of
the entire interface obtained from the push-out load in

load-displacement curve [24,25,30] as follows:
P
IFSS = —— 1
55 ndt (0

where P is the push-out load, d is the fiber diameter and ¢ is
the thickness of the composites specimen.

3. Results and discussion
3.1. Microstructure analysis
Fig. 4 shows the SEM images of C/C composites with

PyC-TaC-PyC and PyC-SiC-TaC-PyC multi-interlayers.
From the microstructure analysis (Fig. 4 (a)), it was found

[1 =
Indenter

Load (mN)

Push out

1 1 1 1 1 1

Displacement (nm)

Fig. 3. (a) Schematic diagram and (b) typical indentation curve under push-out tests.
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Fig. 4. SEM images of C/C composites with PyC-TaC-PyC multi-interlayers (a) an overview, (b) and (c) distribution of PyC and TaC layers with
different TaC thicknesses and (d) distribution of PyC, SiC and TaC layers in C/C composites with PyC-SiC-TaC-PyC multi-interlayers.

Fig. 5. (a) Polish-induced protuberant fibers and (b) de-cohesion at the F/M interface.

that the composites were mainly composed of carbon
fibers, multi-interlayers, matrix, pores and cracks. The
PyC-TaC-PyC multi-interlayers around carbon fibers
can be seen from SEM images shown in Fig. 4(b and c).
The volume content of fiber in composites is about 10% as
mentioned earlier. From the SEM images shown in
Fig. 4(b and c¢), it is difficult to see clearly the interface
between the carbon fiber and PyC because both carbon
fiber and PyC have black color in the SEM images.
However, for fibers standing out of matrix during polish-
ing, a clear PyC layer was observed between fiber and TaC
layer (see Fig. 6(d)). The inner PyC layer with a thickness
of about 0.2 um was well aligned around the transverse
fiber surface while the TaC interlayer deposited uniformly
between two layers of PyC was clearly observed. It should
be noted that 1% and 3% volume contents of TaC layers
over the total volume of the composites were obtained by
controlling deposition time during the deposition process.

The thickness of TaC layer was determined by the volume
content. Thus, 1% volume content of TaC interlayer in
C/C composites gave a TaC thickness of about
0.3 +0.05 um (Fig. 4(b)) while for 3% volume of TaC,
the achieved thickness of the TaC layer was around
1.0 £ 0.2 um (Fig. 4(c)). From the microstructure of C/C
composites with PyC-SiC-TaC-PyC multi-interlayers, it
was seen (Fig. 4(d)) that both inner PyC layer and SiC
layer were about 0.2 +0.05 and 1.0 + 0.2 pm thick respec-
tively, while the thickness of the TaC layer was about
4.0+ 0.5 pm.

3.2. Effect of PyC-TaC-PyC and PyC-SiC-TaC-PyC
multi-interlayers on IFSS of C/C composites

To investigate the effect of PyC-TaC-PyC and PyC-
SiC-TaC-PyC multi-interlayers on IFSS of C/C compo-
sites, single fiber push-out tests were first conducted on
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Fig. 6. SEM images of specimen surface of C/C composites with PyC-TaC-PyC multilayers after polishing (a) 0.3 um thick TaC, (b) 1.0 pm thick TaC

layer; (c) PyC-SiC-TaC-PyC and (d) close-up of protuberant fiber.

pure C/C composites as a reference. As-polished thin
specimens possess protuberant fibers which stand out of
the matrix after polishing as shown in Fig. 5(a). A similar
result was obtained by Rollin et al. [15]. F/M interface de-
cohesion was found after polishing (Fig. 5(b)). This was
also observed by Desaeger and Verpoest [31]. The fiber
protuberant and de-cohesion could be attributed to resi-
dual stress relaxation associated with the interface degra-
dation during sample preparation and this suggested the
presence of a weak F/M interface.

The protuberant fibers were also observed in polished C/C
composites with PyC-TaC-PyC and PyC-SiC-TaC-PyC
(Fig. 6). The close-up of a protuberant fiber (Fig. 6(d))
showed that the fiber with multi-interlayers failed at the fiber/
PyC interface while the PyC layer was still adhered to the
TaC layer. In the present work, protuberant fiber and fiber
with de-cohesion interface were avoided for the nano-
indentation test. Furthermore, all samples were polished
under similar metallographic conditions (as motioned above)
to reduce the surface roughness variation created during
polishing. It should be noted that the polishing is an essential
step for sample preparation.

Nano-indentation was made on a single fiber until it was
separated from the matrix. SEM images of pure C/C
composites taken after push-out tests (Fig. 7) confirmed
the movement of carbon fiber through the matrix. After
pushing out, no visible damage of fiber or matrix was
found. This demonstrated that the de-bonding only
occurred at the F/M interface after the push-out tests.
For C/C composites with PyC-SiC-TaC-PyC multi-inter-
layers, the failure always occurred at the fiber/PyC inter-
face during fiber push-out tests (see Fig. 7(b)). The push-

out load (P) was obtained from the load—displacement
curves and the IFSS was estimated using Eq. (1). Table 1
presents the data on push-out-load (P) and IFSS obtained
from tested composites. Repeated measurements con-
firmed that the reproducibility of push-out tests lie within
the calculated standard deviation.

From Table 1, it can be seen that the IFSS values of C/C
composites decreased with the introduction of PyC-TaC-
PyC and PyC-SiC-TaC-PyC multi-interlayers. It was noted
that when the SiC interlayer was deposited between PyC
and TaC, the IFSS of C/C composites with PyC-SiC-4 um
TaC-PyC composites was slightly higher than that of C/C
composites without SiC interlayer (i.e. C/C composites with
PyC-TaC-PyC multi-interlayers). However, for composites
with 0.3 um and 1pm thick TaC interlayers, the IFSS
values were almost similar within the calculated error.

It has been shown that the PyC-TaC-PyC and PyC-
SiC-TaC-PyC multi-interlayer has a significant effect on
fracture behavior of C/C composites [17-19]. Higher IFSS
in pure C/C composites makes the composites fail in a
brittle manner (Table 1). The fracture surface of pure C/C
composites is thus rather flat without any fiber pull-out in
the bending fracture surface [18]. With the introduction of
PyC-TaC-PyC multi-interlayer, C/C composites have a
lower IFSS, which allows pull-out of large amounts of
fibers, fiber clusters and multi-interlayers. As a result, the
composites showed pseudo-plastic fracture behavior [17—
19]. When the PyC-SiC-TaC-PyC multi-interlayers were
introduced into C/C composites, the fracture surface of
composites became mostly flat again. However, some fiber
bundles were still present parallel to the fracture surface.
Furthermore, the fiber bundles perpendicular to the
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Fig. 7. SEM images taken after fiber push-out tests from fibers: (a) pure C/C composites and (b) C/C composites with PyC-TaC-PyC multi-interlayers.

Table 1

Composites total thickness #, push-out load P and calculated IFSS of C/C composites with different multi-interlayers.

Composites ¢ (um) P (mN) IFSS (MPa) Fracture behavior
Pure C/C 84 9747 53+4 Brittle®
C/C-PyC-0.3 pm TaC-PyC 89 73+8 37+4 Pseudo-ductile®
C/C-PyC-1 pm TaC-PyC 85 65+6 35+3 Pseudo-ductile®
C/C-PyC-SiC-4 pm TaC-PyC 92 82+7 4143 Brittle®

Note: C/C, C/C-PyC-0.3 pm TaC-PyC, C/C-PyC-1 um TaC-PyC and C/C-PyC-SiC-4 um TaC-PyC represent the C/C composites without any
additional layer on carbon fiber, with PyC-0.3 pm TaC-PyC, PyC-1 um TaC-PyC and PyC-SiC-4 pm TaC-PyC ceramic multi-interlayers on carbon fiber

respectively.
“Ref. [19].
PRef. [17].
“Ref. [18].

fracture surface partially pulled-out of the fiber. This was
an indication of fracture toughness improvement com-
pared to the pure C/C composites [17-19]. The improved
fracture behavior could be attributed to the decrease in
interface bonding strength. Smaller IFSS promoted the de-
bonding of interface which resulted in better fracture
behavior of C/C composites.

3.3. Effect of heat treatment on IFSS of C/C composites
with PyC-TaC-PyC multi-interlayers

Push-out tests were also carried out on composites with
heat treatments at different temperatures. Fig. 8 shows the
average measured IFSS of C/C composites with PyC-
0.3 pmTaC-PyC multi-interlayers as a function of heat
treatment temperature. It was found that the IFSS
decreased drastically with the increase in heat treatment
temperature. After heat treatment at different tempera-
tures, the change in surface morphology of C/C/ compo-
sites with PyC-0.3 pm TaC-PyC multi-interlayers was
observed from SEM. Representative SEM images (taken
after heat treatment at 1800 °C and 2500 °C) of C/C
composites with PyC-TaC-PyC multi-interlayers are
shown in Fig. 9. From the analysis of SEM images,
it was found that the heat treatment led to the formation
of cracks at the interfaces. Furthermore, it was found that
the TaC crystallites grew on heat treatment at high
temperature. Thus, the decrease in IFSS with the increase

w
o

IFSS (MPa)
- N N
[3,] o [3,]

-
o
T

1600 1800 2000 2200 2400
Heat treatment temperature (°C)

1400 2600

Fig. 8. IFSS of C/C composites with PyC-0.3 ym TaC-PyC multi-
interlayers as a function of temperature. The red solid line is an
exponential fit to the experimental data and is a guide for the eye. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

in heat treatment temperature could be explained by the
following facts: (i) the formation of cracks between the
interfaces (see SEM image shown in Fig. 9(a)) can lead to
the decrease in IFSS; (ii) the growth of TaC crystals [18]
(see SEM image in Fig. 9(b)); and (iii) serious damage of
TaC coating (Fig. 9(b)) [18]. At 2500 °C, the damage of
carbon fibers was observed (see Fig. 9(b)) which was
caused by the grain growth of TaC coatings. In addition,
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Fig. 9. SEM images showing microstructure of C/C composites with PyC-TaC—PyC multi-interlayers after heat treatment at (a) 1800 °C and (b) 2500 °C.

with the increase in heat treatment temperature, carbon
atoms reorganized in PyC interlayer and in the matrix with
low shear resistance. As a result, the interface becomes
weaker and weaker with the increase in temperature. Thus,
the evaluated interfacial shear strength decreased with the
increase in temperature.

4. Conclusion

In conclusion, the effect of PyC-TaC-PyC and PyC-
SiC-TaC-PyC multi-interlayers on the interfacial shear
strength (IFSS) of C/C composites was studied. Single
fiber push-out tests were conducted (by nano-indentation)
on C/C composites with ceramic multi-interlayers. The
analysis of surface morphology of the fiber/matrix (F/M)
interface confirmed the movement of carbon fiber through
the matrix. After push-out, no damage of fiber or matrix
was found which confirmed that the de-bonding only
occurred at the F/M interface after the push-out tests.
It was found that the IFSS of C/C composites decreased
with the introduction of PyC-TaC-PyC and PyC-SiC-
TaC-PyC multi-interlayers. C/C composites with multi-
interlayers had almost similar IFSS which was ~14+2
MPa lower than that of pure C/C composites. The IFSS of
C/C composites with PyC-0.3 umTaC—PyC multi-
interlayers decreased from 26 +2 MPa to 7 + 2 MPa with
the increase in heat treatment temperature from 1400 °C to
2500 °C. On heat treatment, the cracks formed at the
interfaces (between F/M and ceramic multi-interlayers),
growth of TaC crystallites and damaging of TaC coating
was found to cause a decrease in IFSS.
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