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Abstract SiC fiber reinforced Si:N. matrix composites combined with electrical conductive phases of carbon fiber and
WC powder were fabricated by hot pressing at 1773K. The ability to predict fracture in the ceramic matrix composites
was evaluated by measuring simultaneous load-deflection and electrical resistance difference-deflection curves in
four point bending tests. The changes in electrical resistance differences closely cotresponded to the fracture behavior
of the composites. Different electrical conductive phases are suited to predicting different stages and rates of fracture.

These ohservations show that it is possible to perform “in situ” fracture detection in ceramic composites.
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1. Introduction

Ceramic materials are not reliable enough for use as
structural parts, mainly because of their brittleness.
One means of overcoming the brittleness (i.e. improv-
ing toughness) is by developing ceramic matrix compos-
ites, for example, the controlled arrangement of inter-
locking needle-shaped grains in SisN.", the fabrication
of materials with whiskers®* ¥ or with nanometer scale
particles.” Another method to attain reliable ceramics
is to design materials with the ability to detect when
they have suffered damage or are about to fail.

This self--diagnosis function is one of the key charac-
teristics of the new class of materials known as “intelli-
gent materials”.®

Ceramics have various properties such as electrical
conductivity, piezoelectricity and transparency, which
may be exploited for fracture prediction. Muto et al.”¥
have reported that carbon-fiber/glass—fiber reinforced
-plastic (CFGFRP) composites, in which electrically

conducting carbon fiber and insulating fiber reinforced
-plastic (FRP) is incorporated, can perform this func-
tion. An increase of electrical resistance is observed
during loading of the composite, and the increased elec-
trical resistance remains even after the load is re-
moved. When the load is applied, carbon fibers in the
composite are broken and disconnected, causing the in-
crease in electrical resistance, while glass fibers main-
tain the strength of the composite. In composites con-
taining electrical conduction paths, therefore, fracture
can be predicted by measuring the change of electrical
resistance generated by micro-deformation or the
change of connectivity of the conduction path under an
external load.” *'¥

The main aim of this paper is to demonstrate the pos-
sibility and the effectiveness of adding fracture predic-
tion functionality to ceramic matrix composites. In the
present study, measurement of electrical resistance
under loading was conducted on SiC fiber reinforced
S1;N, matrix ceramics containing electrically conduc-
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tive phases of carbon fiber and WC powder.
2. Experimental Procedure

SisN. powder (Ube Industries Co., SN-COA) was
used as the matrix material. Carbon fibers (C, Toray
Industries Inc., T-400HB) and SiC fibers (SiC;, Nippon
Carbon. Ltd., Nicalon NL-401) were used for the rein-
forcement materials of the composites. Carbon fiber
also serves as the electrically conductive material. WC
powder (Japan New Metals Ltd., WC-055) was also
added to provide electrical conductivity.

Four types of prepregnated specimens {prepregs) -
SisN, containing 6 vol% C., SisN. containing 40 vol% C,,
SizN, with 40 vol% SiCrand 3 vol% C., and SisN, with
40 vol% SiCrand 4 vol% WC - were fabricated by the
filament winding methed: G and SiC: bundles were
soaked into either a surry of Si:N,—5wt% (Y 0:+ ALOJ)
or WC in methanol and then dried and cut into rod-rike
prepregs. One or two types of prepregs were uni-direc-
tionally stacked into carbon molds to form continuous
electrically conductive components. The stacked
prepregs were hot-pressed at 1773K, 40 MPa for lhr
in N, atmosphere and then ground by diamond wheel
into 4 X 3 40mm? specimens.

Figure 1 shows schematic drawings of the cross-sec-
tions and components of the four types of materials. In
composite (a) C; was positioned at about 500m above
the lower face (the tension side in bending) of the speci-
men. Composite (b) contained carbon fibers arranged
uniformly throughout the specimen. In composite (¢}
SiCr was used to reinforce the material and Cr was sub-
stituted for SiC around 500sm from the lower surface.

composite| matrix | reinforcing fibaer | conductive phase
a Sighy _— 6 vol¥ Cs
b SigNy 40 vol¥ Cq 40 voIX C4
¢ Siqhy 40 volX 5iCq 3 voiX ¢
d SigNy 40 vol¥ Si¢ 4 vol% WC powder

Fig. 1. Schematic drawings of the structure and components of
electrically conductive Si;N, ceramic matrix composites.
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Composite (d} was reinforced only by SiCr and the elec-
trically conducting WC powder was arranged in contin-
uous lines from end to end of the specimen.

The fracture response of the composites was evaluat-
ed by the four point bending test {inner span 20mm,
outer span 30mm, crosshead speed 0.1mm/min}, with
simultaneous measuring of the load-deflection curve
and electrical resistance difference-deflection curve at
room temperature. Scanning electron microscopy was
performed to examine the fracture surface after the
bending test.

3. Resuits and Discussion

Figure 2 shows the relation between the load-deflec-
tion and electrical resistance difference-deflection
curves of the SiN4—6vol2Cr composite. The composite
exhibits a linear load-deflection relationship for small
loads, and brittle fracture behavior. The strength of the
composite is almost the same as the SiaN, matrix on its
own, but the hardness decreases slightly.

Electrical resistance changes only slightly in the elas-
tic region but increases suddenly when the specimen
fails catastrophically. In such a brittle material, it
seems to be difficult to predict local fracture by mea-
surement of electrical resistance, since no characteristic
changes in resistance can be distinguished before fail-
ure.

Figure 3 shows the relationship between the load-de-
flection and electrical resistance difference-deflection
curves of the SiN.~40vol%C; composite. The composite
has a non-linear load-deflection curve and its fracture
behavior is not brittle. It is noted that the electrical
resistance difference increases together with deflection
and discontinuous changes in the electrical resistance
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Fig. 2. Load-deflection curve and electrical resistance differ-
ence under bending for the S1;N.- 6vol%Cr composite.
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Fig. 3. Load-deflection curve and electrical resistance differ-
ence under bending for the Si:N«~40vo01%C; composite.
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Fig. 4. Load-deflection curve and electrical resistance differ-

ence under bending for the SiN.-40vel%SiCr 3vol%C, compos-
ite.

difference-deflection curve correspond to saw tooth
changes in the load-deflection curve. Over the maxi-
mum load, the electrical resistance difference increases
gradually with deflection.

Figure 4 shows the curves for the S1.N,~40vol%SiC~
3vol%Cy composite. The composite displays non-linear
load-deflection behavior and discontinuous electrical
resistance difference changes similar to the SiaN.-40vol
9%C: composite (see Fig. 3). However, the electrical
resistance difference is about 10 times larger than that
of SisN.-40vol%C.. This seems to be related to the num-
ber of C; bundles set near the tension side of the materi-
al.

The changes in electrical resistance difference can be
classified into three stages. In the first stage, up to a de-
flection of 0.1lmm, a relatively small increase in electri-
cal resistance was observed. In the second stage, the
electrical resistance difference increased gradually
after a small increment, and then jurmped to about 0.28
at the same time as the load relaxed at around 30kgf.
During the final stage, the electrical resistance differ-
ence increased more rapidly until catastrophic failure
occurred. The large step-like increase in electrical
resistance difference at the end of the second stage
shows the failure of the composite from the onset of
fracture in the reinforcing fiber.

Figure 5 shows the relation between Joad-deflection
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Fig. 5. Load-deflection curve and electrical resistance differ-
ence under bending for the SiLN,-40vel%SiC- 4vol%WC com-
posite.

and electrical resistance difference-deflection curves of
the SiN,~40vol%SiC—4vol%WC composite. The elec-
trical resistance difference of the composite increases
gradually with deflection and then rises rapidly to infin-
ity at a load before the final failure. This resuit indi-
cates that rupturing of the conduction paths has oc-
curred before catastrophic failure. This change in elec-
trical resistance can be used to predict the fracture of
the ceramic composite matrix.

Generally, fiber reinforced ceramic composites are
considered to fail by the foliowing process: the first
stage is local fracture of the matrix phase (matrix
cracking) because of its low strength, the second is
debonding and bridging of fibers, and the final is pull-
out of fibers.” Figure 6 shows a schematic drawing of
fracture behavior in fiber reinforced SisN. matrix com-
posites containing an electrical conductive phase of Cy
or WC powder. In the composites reinforced by a large
amount of fibers, non-linear behavior is exhibited by
the load-deflection curves (Figs. 2, 3 and 4} and a lot
of pull-out of fibers was observed on the fracture sur-
face of specimens. Figure 7 shows an SEM micrograph
of the fracture surface of the Si:N,-40vol%C,and 5iN,
—40vol%SiC-4vol% W C composites. Pull-out of many
Crand SiCr can be seen at the fracture surface, indicat-
ing breaking of fibers during deformation of the com-
posites. This means that the standard fracture process
mentioned above is dominant in these ceramic compos-
ites.

Addition of Cr as a continuous conductive phase is
useful for fracture prediction of fiber reinforced com-
posites, especially when the C, content is low. In SisN«-
40vol% i and SiN,~40vol%SiC~3vol%C, composites,
electrical conduetivity through the C, phase change,
slightly up to the point where debonding and bridging
of fibers occurs. The remarkable increase in electrical
resistance is caused by pull-out of carbon fibers. The
step-like changes in electrical resistance correspond to
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(a) pull-out bridging matrix fracture

crack

C Si;N,

(p) pull-out bridging matrix fracture

1

crack

SiC WC powder

Fig. 6. Schematic drawings of the fracture behavior of fiber reinforced SiaN. matrix composites
with cenductive phases of (a) Cyand (b) WC powder.

Fig. 7. SEM photographs of fractured surface of specimens. (a) Si;Ni- 40vol%C;, {b) Si:N .~ 40v01%SiCr-4vol%WC.

discontinuous propagation of fiber fracture. However,
the electrical resistance difference in Si3N.~40vol%C- is
very complicated due to competing compressive and
tensile stresses in the composite during bending tests. In
the SiN—40vol%SiC-3val%C: composite, Cr placed
near the tension side of the specimens results in electri-
cal resistance increase due to fiber puil-out as shown in
Fig. 6(a). The fracture process in SiN,~40vol%SiCr—
dvol%¥WC is illustrated by Fig. 6(b). The continuous
and conductive phase of WC powder that was substitut-
ed for part of the 81N, matrix functions as a means of
predicting cracking of the matrix. This conclusion is jus-
tified by the sensitive response of the electrical
resistance difference to small deflections in the compos-
ites.

Various methods exist for trying to improve the sensi-
tivity of fracture detection in ceramic matrix compos-
ites further; e.g., using a thinner WC layer or more
brittle material In other words, it is possible that a vari-
ety of different electrically conductive phases can be

used for fracture prediction. In this paper, we have
given a few examples of how fracture in these compos-
ites can be predicted. By developing this concept for the
design of intelligent materials, it should be possible to
greatly improve the reliability of structures and machin-
ery contazining ceramic components.

4. Condlusions

The SisN~6vol%Ci composite exhibits a linear load-
deflection relation and brittle fracture behavior. Electri-
cal resistance changes little in the elastic region but in-
creases suddenly at catastrophic failure.

The SiaN~40vol%C: composite has a non-linear load
-deflection curve and its fracture behavior is not brit-
tle. The electrical resistance difference increases with
deflection and discontinuous changes correspond to saw
tooth changes in the load-deflection curve. The 51N ,—
40vol % C-3vol % C composite has a non-linear load-
deflection relationship and discontinucus electrical
resistance changes. In the SiN,-40vol%SiC—4vol%



368 Az AA A10H¥ Ab5E (2000

WC composite, the electrical resistance difference in-
creases gradually with deflection and then rises rapidly
to infinity at a certain deflection before the maximum
load.

As these results indicate, electrical resistance chang-
es are can be related to the fracture behavior of the ce-
ramic matrix composites. It is therefore possible to pre-
dict fracture of ceramic composites by incorporation of
electrically conductive phases.
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