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Abstract

Measurement of mode I fracture toughness of in-plane random oriented short carbon fiber-dispersed SiC matrix composite fabricated by melt
infiltration process has been carried out. Fracture toughness (Kj.) measured using a Brazilian disk specimen is ~ 3.5—4.1 MPa,/m, which is
comparable to those of monolithic engineering ceramics. The measured toughness is explained using average stress and characteristic length (yp)
of damage zone formed ahead of notch tip: Kj.~0r+/myp/2. Crack arrest behaviors in the short carbon fiber-dispersed SiC mini-composite play
an important role on the stability of micro-cracks in the damage zone before unstable crack growth.

© 2013 The Authors. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Short carbon fiber-dispersed SiC matrix (hereafter denoted
as SCF/SiC) composites fabricated by Si melt infiltration
(MI) process have been used for light-weight tribological
applications, such as brake disks and pads, clutch for high
performance cars, emergency brake disks for high speed
transportation trains, etc. [1-5]. These applications become
possible because usually SCF/SiC composites behave as
extremely tough materials, which allows safety application of
the composite under extremely severe environment.

It has been known that addition of short fibers to a ceramic
material improves fracture toughness of ceramics and the effect
has been reported in various kinds of fiber—matrix combinations

“This is an open-access article distributed under the terms of the Creative
Commons Attribution-NonCommercial-No Derivative Works License, which
permits non-commercial use, distribution, and reproduction in any medium,
provided the original author and source are credited.

*Corresponding author at: Research Center for Advanced Science and
Technology (RCAST), The University of Tokyo, 4-6-1 Komaba, Meguro-ku,
Tokyo 153-8904, Japan. Tel.: +81 3 5452 5086; fax: +81 3 5452 5087.

E-mail address: kagawa@rcast.u-tokyo.ac.jp (Y. Kagawa).

[6,7]. Major toughening mechanisms for these short fiber-
dispersed ceramic matrix composites are fiber bridging, crack
deflection, microcracking, etc. In the case of SCF/SiC compo-
sites, some mechanical properties of the composites, such as
Young's modulus, tensile/flexural strength, etc., have been
reported [1-5]. However, only limited studies are available on
measurement of fracture toughness of short carbon fiber-
dispersed SiC matrix composite fabricated by MI process.

In the present study, fracture toughness tests of SCF/SiC
composites have been carried out using a Brazilian disk
specimen. Measured mode I fracture toughness of the compo-
site is discussed in terms of fracture process.

2. Experimental procedure

SCF/SiC composite fabricated by Si melt infiltration (MI)
process was used in this work. Processing procedure is similar
to conventional MI process published in the available literature
[1-5,8,9]. An as-fabricated composite disk with a diameter of
50 mm was supplied by Covalent Material Co. Ltd., Tokyo,
Japan. Pitch-based short carbon fibers (DIALEAD@",
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K223HG) from Mitsubishi Plastics Inc. (Tokyo, Japan) were
dispersed in SiC and Si phases. Each carbon fiber bundle
contains 12,000 fibers. The carbon fiber has a Young's
modulus of 900 GPa, and a tensile strength of 3.8 GPa.
Fig. 1(a) and (b) shows a typical example of the microstructure
of SCF/SiC composite both in-plane and through-the-thickness
planes. Fig. 1(c) shows typical example of polished in-plane
section. Fiber bundles are randomly distributed in the SiC
matrix. Within each fiber bundle, individual carbon fiber is
surrounded by SiC matrix; hence, it is referred to as a “SCF/
SiC mini-composite”. Cracks exist in the polished sections,
which are formed during processing of the composite (see
Fig. 1(d) and (e)). Most of the cracks are located in the SiC
matrix; these results are consistent with the previous reports on
a similar kind of composites [4]. X-ray diffraction analysis
confirmed that this composite is composed of carbon, silicon,
a-SiC and B-SiC. It is difficult to distinguish polytypes of SiC
within the present analysis; therefore both SiC phases are
named as “SiC phase.” The measured average length of the
fiber (Ly) in the bundle of SCF/SiC mini-composite is ~4 mm.

10mm

y 1m

Distribution of fiber bundle orientation in-plane section and
through-the-thickness section obtained by image analysis is
shown in Fig. 2. The distribution of the fiber axis observed in
in-plane section seems random. However, distribution of
fiber axis in through-the-thickness direction appears to be
parallel to the in-plane direction. These results indicate that the
distribution of SCF/SiC mini-composite has in-plane random
orientation.

Volume fractions are measured using image analysis of the
polished sections of the composite. Micrographs taken by
optical microscopy with a typical magnification of 5 x are
used for the image analysis. The fiber volume fraction
(ce: 0 < cp< 1) of the composite is measured to be ¢y ~0.3.

The density of composite was measured by the Archimedes
method to be ~2.7 g/lem®. Selected typical mechanical proper-
ties of the composite are presented in Table 1.

Fig. 3 shows shape and dimensions of specimen and
schematic drawing of test procedure. Definition of X-Y-Z
coordinates and applied compressive load direction are also
shown in the figure. The diameter of the disk specimen (2R)

Fig. 1. Typical appearances of SCF/SiC composite in (a) in plane section and (b) through-the-thickness section. (c)—(e) Typical polished surface in plane section.
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Fig. 2. Distribution of fiber-bundle orientation: (a) in-plane and (b) through-
the-thickness plane.

Table 1
Some mechanical properties of SCF/SiC composite.

Properties

Density (g/cm’) 2.4-3.0

Tensile Young's modulus (GPa) 5-10

Compressive Young's modulus (MPa) 70-80 (in-plane)
50-55 (out-of-plane)
35-55

210-240 (in-plane)
180-205 (out-of-plane)

Tensile strength (MPa)
Compressive strength (MPa)

was 50 mm with a thickness () of 3 mm. Straight notch was
introduced to as-fabricated SCF/SiC disk-shape specimen
using an arc-discharge machining process. The width of notch
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Fig. 3. (a) Shape and dimensions of Brazilian disk specimen and (b) schematic
drawing of loading procedure.

was ~ 100 pm and the tip radius was ~75 pm. Initial notch
length (2ao) was 25 mm and this geometry yields ag/R~0.5.
Flat surfaces of the specimen were carefully polished through a
standard metallurgical procedure up to 0.5 pm diamond paste
finish. This surface finish was enough to observe damage
evolution behavior at the surface.

Fracture toughness tests were carried out under various
loading conditions: notch direction was set parallel to the
Y-axis (mode I loading). The disk specimen was sandwiched
between hard sintered SiC plates with a Young's modulus
~400 GPa. Care was taken to adjust notch direction and
loading direction. The notch direction was set parallel to loading
direction within an error of ~0.5°. Compressive load was applied
to the specimen using an Instron-type test machine (maximum
capacity 50 kN, Model 4204, Instron Corp., MA, USA). The
fracture tests were done in ambient air condition (20 °C) with a
constant crosshead displacement rate of 50(107° my/s).
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Fig. 4. Typical load—displacement curve during the test under mode I loading.

Applied load was recorded using a data collecting system
(NR-500, Keyence Corp., Osaka, Japan) with a sampling rate
of 50 ms, thereafter, transferred to a computer for further
analysis. Micro-fracture evolution process near notch tip
during the test was directly obtained using a high resolution
CCD camera (VH-Z100UR, KEYENECE Corp., Osaka,
Japan). After the tests, crack path at a flat surface of the
specimen was observed by optical microscopy (Axioplan2
imaging, Carl Zeiss Corp., Jene, Germany) and scanning electron
microscopy, SEM (TM3000, Hitachi High-Technologies Corp.,
Tokyo, Japan).

3. Results and discussion

Fig. 4 shows a typical example of compressive load (P)-
displacement (u) relation during fracture test of a Brazilian
disk specimen with a notch. The composite exhibits a linear
behavior initially; however, it deviates from the initial linear
relation when the applied compressive load reaches P,.
Thereafter, the relation shows a nonlinear behavior with the
increase of applied compressive load up to the maximum load
(Pynax)- No pop-in like behavior is observed near the transition
from linear to nonlinear behavior. At the maximum load,
unstable crack propagation takes place from both sides of
notch tips. Fig. 5(a) and (b) shows a typical example of the
micro-crack formation near a notch tip at applied load P,
(Fig. 5(a)) and optical micrograph of notch tip in the same area
before test (Fig. 5(b)), respectively. The parallel cracks are
formed perpendicular to loading direction with a typical
spacing of 200-650 pm. The origin of micro-crack is probably
residual stress in the composite; however, more detailed
analysis is needed to understand this behavior. The micro-
cracks in the SiC phase are arrested when they propagate
nearly perpendicular to the SCF/SiC mini-composite as shown

Fig. 5. Typical examples of damage evolution behavior at the starting of non-
linear load—displacement curve. Arrows indicate microcracks.

in Fig. 6. This crack arrest process is a major source to help
evolution of stable micro-damage zone ahead of notch tip.
However, when the difference of the angle between crack
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Crack growth direction

Crack growth direction

Fig. 6. Typical examples of crack arrest action at the SCF/SiC mini-composite:
(a) entire view and (b) detail of (b).

propagation direction and fiber axis in the SCF/SiC mini-
composite is small (typically smaller than 30°), the crack
propagates easily along the fiber axis without crack arrester
action (Fig. 7(a)). Observation suggests that the cracked region
spreads to a circular area with a diameter of 1.8-2.3 mm ahead
of notch tip. This spread of the damage zone is independent of
the tested specimen although scattering within + 0.25 mm for
both the X and Y directions exists.

Unstable crack propagation takes place at the maximum
load. Therefore, mode I fracture toughness of the composite,
K 1, is obtained from the maximum load, P,,,,. The fracture
toughness is calculated from [10];

Pacr/7ag ap
Kie= ———Y (—,6), 1
Ic Rt 1 R ( )
where ay is the notch depth, and @ is the relative notch angle to
loading direction. Y1(ao/R,0) is the shape factor as a function
of ag/R and 6. For mode I loading condition (6=0°),
Yi(ao/R, ) depends on ao/R and is given by [10],

Y;(0.5,0) ~ 1.39. )

From five tested specimens, measured fracture toughness
values are listed in Table 2. It is clear that the composite has a

Fig. 7. Typical examples of crack propagation through SCF/SiC mini-
composite.

Table 2
Measured fracture toughness of SCF/SiC composite.

Specimen Prax (KN) Fracture toughness,k;.(MPay/m)
1 2952.8 35
2 3055.8 3.6
3 3193.2 3.8
4 3346.6 39
5 3520.0 4.1

low toughness ranging from 3.5to4.1 MPa/m, which is
comparable with those of monolithic ceramics, e.g., monolithic
SiC (3.0-4.0 MPa./m) [11], monolithic Si (0.8-1.0 MPa./m)
[11,12]. The fracture toughness range is also comparable with
that of Si/SiC composite fabricated from wood precursors
(2.0-2.6 MPa./m) [8,9].

In the present study, notch tip is not so sharp as a natural
crack; therefore, the average stress criterion is considered to
predict the fracture toughness. A similar criterion explains
fracture toughness of round notch tip specimen [13,14]. The
average stress criterion assumes that failure will occur when
the average stress ahead of notch tip over small fixed distance,
b reaches the tensile strength, 65 of the SCF/SiC composite
(Fig. 8). The condition is given by [13]

1 ao+xp

or —

- &,(X,0)dX. 3)
XD aop

where o,(X,0) is the stress in front of notch tip.

Assuming that onset of the unstable crack growth occurs
when tensile stress ahead of notch tip at distance y, reaches
a constant critical stress o, the fracture toughness is given

by [13]

XD (610 )

K.~ —=Y;(—.0 4
1cROF 2 I R )
Eq. (4) is generally considered to be quite accurate for

(ap/10)>yp [13]. Assuming that the critical stress is the same as

tensile fracture strength of the composite (op~45 MPa [12])

used in this study, characteristic distance is equal to observed
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Fig. 8. Schematic drawing of stress distribution in front of notch tip.
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Fig. 9. Relationship between tensile stress and length of damage zone. Solid
line is estimated fracture stress using Eq. (4) with Ki.=3.8K;. = 3.8 MPa./m.
The tensile strength range is experimental result [15].

damage zone size (yp~2.0 mm), and Y,(ao/R,0)~1.39 [10],
fracture toughness is estimated at ~ 3.5 MPa./m, which is very
close to the measured fracture toughness of the composite.
Fig. 9 shows plots of the measured damage zone size yp and
fracture toughness of the composite. Estimated fracture tough-
ness vs. damage zone size relations using Ky = 3.8 MPa./m
are also presented in the figure. It is clear that experimentally
obtained fracture toughness is well explained by the average
stress criterion. This agreement confirms that this criterion is
adaptable for the present SCF/SiC composite.

The agreement also suggests that the fracture toughness can
be estimated using continuum mechanics approach although
the CF/SiC composite is a heterogeneous material. However,
more detailed studies are needed to further investigate the
effect of heterogeneous microstructure on the fracture tough-
ness of the present composite.

4. Conclusions

Mode I fracture toughness of SCF/SiC composite fabricated
by MI process has been measured using a Brazilian disk
specimen. The following results are obtained.

The fracture toughness of the composite is ~ 3.5-4.1
MPa./m, which is the same level as those of monolithic
engineering ceramics.

(1) The fracture toughness is explained by average stress
criterion, K;.~6p+\/7yp/2, using tensile strength of the
composite (og) and observed damage zone size (yp) ahead
of notch tip just before unstable fracture.

(2) Within the damage zone, most of the micro-fractures occur
in SiC phase. The micro-fracture is arrested by the SCF/
SiC mini-composite. This arrest behavior helps evolution
of micro-fracture in the composite.
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