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Abstract

Laminated SiC/BN ceramics with a perfect layered structure was fabricated by tap-casting process and hot-pressing sintering.
Damage resistance and R-curve behavior of laminated SiC/BN ceramics were evaluated using the indentation-strength-in-bending
technique, and compared with those of monolithic SiC ceramics. The results showed that the indentation strengths for monolithic
SiC ceramics decreased steeply with indentation load, while for laminated SiC/BN ceramics reduced slightly with indentation load,
suggesting an exceptional damage resistance. Moreover, a rising R-curve behavior was demonstrated for laminated SiC/BN cera-
mics, a plateau R-curve behavior for monolithic SiC ceramics. The excellent damage resistance and pronounced R-curve behavior
of laminated SiC/BN ceramics were attributed to crack deflection, crack branching and crack delamination at the SiC/BN weak

interfaces.
© 2003 Elsevier Ltd and Techna S.r.l. All rights reserved.
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1. Introduction

When ceramic materials are applied to structural
components, the lack of damage-tolerance is one of the
most crucial problems. Ceramic composites with a
layered structure have been considered to offer one of
the most important approaches to this problem, and a
number of studies have been conducted so far in several
systems including alumina/zirconia [1-4], alumina/alu-
minium titanate [5], mullite/alumina [6], silicon carbide
[7-10] and silicon nitride [11-13]. These laminated cera-
mics have been reported to exhibit increased apparent
fracture toughness and fracture energy as well as a non-
catastrophic fracture behavior. However, little work has
been performed on the flaw tolerance and fracture
resistance behavior of the layered ceramics.

Silicon carbon (SiC) layered ceramics with weak
boron nitride (BN) interphases have been previously
manufactured in a conventional two-dimensional
layered structure [14], as well as in microcomposites
[15]. For the former, impressive properties were
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achieved with strengths of ~729 MPa and fracture
toughness of ~20.5 MPa m'/2. For the latter, damage
capability and oxidation resistance were improved in
comparison with microcomposites with a carbon inter-
phase. These properties make this system attractive for
applications.

In this paper, laminated SiC/BN ceramics (hereafter
denoted by LSB) with a perfect layered structure were
fabricated by tap-casting process and hot-pressing sin-
tering. Damage resistance and R-curve behavior of LSB
are evaluated using the indentation-strength-in-bending
technique (ISB), and compared with those of monolithic
SiC ceramics (hereafter MS), the difference between the
two being analyzed.

2. Experimental procedure
2.1. Materials

The flow chart for the fabrication process of LSB is
shown in Fig. 1. Briefly, submicrometer silicon carbide
powders with sintering additives 6 wt.% alumina and 4
wt.% yttria and the organic additives were mixed and
cast into the green tapes, then coated with BN-containing
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Fig. 1. Flow chart of fabrication process of LSB.

slurry. After coating, the green laminates were dried,
stacked, and the organic additives were removed.
Finally, they were sintered under a 30 MPa pressure at
1850 °C for 1 h in a nitrogen atmosphere. The obtained
layered structure is shown in Fig. 2. As can be seen, the
SiC layers (dark regions) and BN (gray regions) are
reasonably uniform and the interfaces are straight and
well-distinguishable. For comparison, MS were fabri-
cated by stacking SiC green tapes without BN coating
using the same fabrication process as for LSB.

Fig. 2. SEM micrograph of the cross section of LSB.

2.2. ISB test

To evaluate damage resistance and R-curve behavior,
the hot-pressed billets of both LSB and MS were cut
and ground into rectangular specimens; the prospective
tensile surfaces of the specimens were perpendicular to
the hot-pressing direction, normal to the layer plane.
The nominal dimensions of the test specimens were
3x4x30 mm. The test specimens were indented at the
center of the polished prospective tensile surface (4-mm-
wide side) using a Vickers diamond pyramid indenter
under loads ranging from 0.1 to 300 N. Care was taken
to orient one set of the indentation cracks to be parallel
to the longitudinal axis of the rectangular specimens.
After indentation, the specimens were tested in three-
point bending with a span of 24 mm and a crosshead
speed of 0.5 mm/min (Testing machine: instron 1195).
Four tests were performed for each indentation load.

Conversion of Vickers ISB data o (P), to generate a
toughness curve, T(c¢) [T(c)=Kg] is as follows [16].
Conversion is accomplished using an objective indenta-
tion-strength K-field analysis. Under the action of
applied stress oa, radial cracks of size ¢ produced at an
indentation load P extend according to the equilibrium
condition,

K\ (¢) = Youc'? + xPc™3* = T(c) (1)

where K's(c) is a global applied stress intensity factor
corresponding to an applied stress o, 7(c¢) the tough-
ness curve, and ¥ the crack shape factor which depends
on crack and specimen geometry. x the residual contact
coefficient which is often expressed in terms of Young’s
modulus E and hardness H [17],x = &E/H)"? & being a
factor of proportionality equals to 0.016 [18]. The value
of E/H can be measured by the Knoop indentation
method proposed by Marshall et al. [19].

For a given indentation load P, failure occurs at that
applied stress o, =0y which satisfies the “tangency
condition”,

dK,(¢)/dc = dT(c)/dc 3)

Accordingly, given an appropriate calibration of the
coefficients ¥ and yx, families of K's(c) curves can be
generated from the o P) data. T(c) then can be deter-
mined objectively as envelopes of tangency points to
these families of curves [16].

3. Results and discussion
3.1. Load—displacement curves

Fig. 3 shows the load—displacement curves of the
indented specimens for LSB and MS. Evidently, the

fracture behavior of LSB was quite different from that
of MS. MS fractured catastrophically, while LSB
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Fig. 3. Load-displacement curves of the two types of specimens with
an indentation in the tensile surface: (a) MS, (b) LSB.

showed a progressive failure behavior. Upon initial
loading, LSB also deformed in a linear elastic fashion
until the crack reached the same stress intensity as MS.
However, rather than traveling right across the speci-
men the crack was deflected at the first BN interface
that it reached, as shown in Fig. 4. Crack deflection
along the weak interface allowed the load to continue
rising. Failure of the second SiC layer gave rise to the
first load drop. This process was repeated until all the
SiC layers had cracked, resulting in a step-like load—
displacement response. The total area under the load—
displacement curve represented the work-of-fracture
(WOF). Evidently, WOF of LSB was much higher than
that of MS

3.2. Indentation strengths and R-curves

Indentation fracture strength, oy, is plotted logarith-
mically against indentation load, P, in Fig. 5 for both
MS and LSB. For each of the two materials a knee in the
corresponding curve (at P= P*) separated the plot in

Fig. 4. Propagation of a major crack through the specimen of LSB.
Note that crack deflection occurs along the SiC/BN interfaces.
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Fig. 5. Strength plotted against indentation load for the two materi-
als. Curves for the two materials deviate slightly from slope of —1/3.

Fig. 5 into two regions. In the left region, for specimens
with a low indentation load, the strength was not load-
dependent, because it was microstructure-controlled.
On the other hand, in the right region, where specimens
had a higher indentation load, strength was inversely
related to the indentation load, because strength was
controlled by external flaws.

Fig. 5 shows that in the low-indentation-load region
the strengths were higher for MS than for LSB, in the
high-indentation-load region the strengths for the two
materials decreased linearly with indentation load, but
the slope being much steeper for MS than for LSB. This
means that LSB have a higher retained strength than
MS for an equivalent indentation load, hence an
improved damage tolerance in comparison with MS. It
also suggested that LSB might have a higher fracture
resistance than MS.

R-curves of two materials were obtained from inden-
tation-strength data. Linear regression was used to
obtain the best fit for the experimental data in Fig. 5. It
showed that the slopes of MS and LSB were —0.289 and
—0.142, respectively. Griffith materials, for which the
R-curve is flat, would follow the power law, op oc P~X
with k= 1/3. The fact that k is lower than 1/3, suggests a
rising R-curve behavior for both materials. If the Vick-
ers crack geometry is considered to be material-inde-
pendent, the values ¢=1.24 [20], x=0.071 can be
calculated for the experimental value E/H =20 for MS.
we use the same values of ¥ and yx for the two materials.
Two families of K a(c) curves can now be constructed
from the indentation-strength data in Fig. 5, inserting
oa=o¢ at each value of indentation load P in Eq. (1).
The envelopes of tangency points for two materials are
shown in Fig. 6. It can be seen from Fig. 6 that the
envelope of tangency points for MS was approximately
horizontal, indicative of a plateau R-curve behavior,
while, for LSB the envelope of tangency points yields a
rising R-curve. This suggests that LSB possessed excellent
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Fig. 6. Toughness curve diagrams for (a) MS, (b) LSB. Families of solid curves are plots of K's(c) in Eq. (1) using strength data in Fig. 5. Shaded

lines are T(c) functions, plotted as locus of tangency points to K’ (c).

damage tolerance and a rising R-curve behavior in
comparison with MS.

3.3. The main toughening mechanisms

The above results showed that LSB possessed excel-
lent damage tolerance and a rising R-curve behavior in
comparison with MS. This was thought be related to
their different toughening mechanisms. Fig. 7 showed
the crack propagation path of MS, which introduced
by Vickers indentation, crack deflection along weak
grain interface is its main toughening mechanism. The
main toughening mechanism of LSB is crack deflection
along weak BN interface continually. As shown in
Fig. 4, when a crack propagates through LSB, crack
deflection occurred along weak interface continually,
leading to a step-like crack propagation path which
greatly extended effective crack length and absorbed
more fracture energy, with an improvement of fracture
resistance. Besides, crack branching and crack delami-
nation which appeared at the weak interface, as shown
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Fig. 7. Crack propagation path of MS.

in Fig. 8, further absorbed the fracture energy of mate-
rials, relaxed the stress at the crack tip and improved the
fracture resistance and damage resistance.

“(b)

Fig. 8. Two cracking mode of LSB for (a) crack branching, (b) crack
delamination.
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4. Conclusion

The fracture behavior of LSB was quite different from
that of MS. MS fractured catastrophically, while LSB
showed a non-catastrophic failure behavior. Due to the
deflection, branching and delamination of the transverse
cracks at the SiC/BN interfaces, the indentation
strengths of LSB were observed to be insensitive to the
increases in the indentation load, indicative of excellent
damage resistance, compared with MS. Furthermore, a
rising R-curve behavior was demonstrated from ISB test.
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