PII:

S0272-8842(97)00058-8

Ceramics International 24 (1998) 579-582

© 1998 Elsevier Science Limited and Techna S.r.1.
Printed in Great Britain. All rights reserved
0272-8842/98 $19.00 + .00

Evaluation of Crack-Growth Resistance
Curve for a Particulate Ceramic—MVetal
Composite

S. M. Barinov & V. Ja. Shevchenko

High Tech Ceramics Research Centre, Russian Academy of Sciences, Ozernaya 48, Moscow, 119361, Russia

(Received 26 February 1997; accepted 14 March 1997)

Abstract: A technique is described to evaluate the crack growth resistance beha-
viour in brittle ceramic-base materials. In this method, the crack increment mea-
surements during the stable crack propagation process are not required. The
crack growth resistance curves are studied for a particulate ceramic—metal com-
posite in the system lanthanium chromite—chromium. Experiments were per-
formed with standard fracture mechanics single-edge notched beam specimens in
a temperature range from room temperature up to 1100°C. Effect of temperature
on crack growth resistance behaviour is discussed. © 1998 Elsevier Science

Limited and Techna S.r.l.

1 INTRODUCTION

Toughening of ceramic-base materials is often
associated with the rising crack-growth resistance
behaviour and is achieved by utilizing specific
microstructures which generate various dissipative
processes near the crack tip. A promising way to
toughen ceramics is the introduction of metallic
particulate constituent into the microstructure of
the material. Rising crack propagation resistance,
i.e. the increase in current value of the stress
intensity factor, Kz, with the crack increment, Aa,
occurs if the stable crack growth prior to cata-
strophic failure is achieved. The rising Kp—Aa
curve phenomenon has been studied for various
brittle materials. For ceramics, recent data are
summarised in Ref. 1.

Generally, to evaluate the crack growth resis-
tance, the experiments with long cracks in standard
testing geometries of fracture mechanics specimens
have been performed. Excepting for coarse-grained
alumina and some fiber- or whisker-reinforced
ceramic—matrix composites, the stable crack incre-
ments in specimens of standard single-edge not-
ched beam (SENB) configuration are usually less
than 1 mm. To measure the crack increments, the
loading—unloading procedures must periodically be
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performed to estimate Aa values using known
crack increment—specimens compliance relation-
ship.># Because of the low stable crack extension,
these procedures are difficult to realize in practice
for various ceramic-base materials. Moreover, the
observed loading—unloading hysteresis affects the
correct compliance choice. These are the main dis-
advantages of the experiments with Kz—Aa curves.
Therefore, a technique is needed which could allow
to evaluate the stable crack increments in a differ-
ent manner. The present work is aimed to demon-
strate an approach based on the compliance
fracture mechanics method, and to investigate slow
crack propagation in a ceramic—metal composite in
the system lanthanium chromite—chromium.

2 METHOD

According to Ref. 5, the relation between non-
dimensional load P* and non-dimensional dis-
placement under the load u«* for the standard
SENB-configuration fracture mechanics specimen
can be calculated as follows

P* = 0.00114u"(1 — 2a*)*/[(1 — 1.85a*)*+0.0013u*%]'/
(1)
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where  P*=P/o,W*  u' = Eu/o,W; a =
(a —ap)/W; Pis the load; o, is the yield stress; E is
the modulus of elasticity; u is displacement, and ag
is the length of initial notch. Equation (1) assumes
plane strain condition. A common K-calibration
procedure has been used for the small-yielding
part, as well as a finite element calculation for the
non-linear part to obtain this equation®. If the
dimensionless displacement is small, 0.0013z*?
<< (1- 1.85a*)2, so eqn (1) can be simplified as
follows:

P/EW ~0.00114u(1 — 24")*/(1 — 1.854")  (2)

This expression allows us to calculate the stable
crack growth increments using the load—displace-
ment diagram. The procedure is as follows. The
first step is calculation of the P/EW ratio vs a*
using eqn (2) with the varying value of u as a
parameter. Then, using the experimental P — u dia-
gram, and the above dependencies for a* =0 (point
of deviation from the linear-elastic behaviour), the
value of 1/EW can be estimated. After that, the
values of dimensionless crack increment a* can
easily be evaluated for a certain load-point dis-
placement u by means of the calculated relation-
ships.

The current value of the stress intensity factor
Ky is calculated using current load, with correc-
tions for the crack increment:

Kr = 1.5YPL(ap + A,)"? ) BW? 3)

where L is span; B is the specimen thickness, and
Y = Y(ap + A,) is a common K-calibration poly-
nomal given in Ref. 6.

Validity of eqn (1) has been proved by testing of
several metallic alloys,> so there was no reason to
investigate this equation. However, to verify the
validity of the assumption which has been made to
simplify eqn (1), the values in square brackets were
compared. It was estimated that the second term is
much less than the first one at the limiting experi-
mental values of ¢*=0.26 and u*=5.10"*E/o, W,
even if ratio E/o, is in the range of 10%-10°.
Moreover, the unloading curves went approx-
imately through the origins. Therefore, the
contribution of the plastic component to the total
non-linear strain is assumed to be small.

3 EXPERIMENTAL DETAILS

Experiments were performed with the specimens of
the ceramic-metal composite 60wt% LaCrOs—
40 wt% Cr.”-® This material has been considered as
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a candidate for high-temperature applications, ¢.g.
for electrodes and heaters, in heat—power installa-
tions. Because of severe thermal environments, the
reliability of the ceramic-metal composite depends
strongly on the crack propagation resistance.

The specimens of the material were made using
powder mixtures of chromium with particle size 1—
20 um and lanthanium chromite with average par-
ticle size 20 um. The mixtures were explosive com-
pacted followed by sintering. Details of the
preparation route were described elsewhere.® The
density of the sintered material was about 96% of
theoretical. X-ray diffraction studies showed sub-
stantial broadening of both chromium and lantha-
nium chromite diffraction lines confirming the
structural fragmentation and/or high level of resi-
dual stress resulting from the explosive treatment.

The geometry of the standard configuration
SENB-type  specimens  for  testing  was
BxWx1=4x6x40mm?>. A thin side notch was
machined with a diamond saw-cut wheel. Depth of
the notch was 0.5W, the measured tip curvature
radius was about 50 um. The specimens were loaded
by 3-point bending at a span of 24 mm in a furnace
filled with argon, using a stiff screw-drived testing
machine. The cross-head speed was 8.107°ms~!.
The testing temperatures were 20, 700 and 1100°C.

4 RESULTS AND DISCUSSION

Figure 1 shows the load—load-point displacement
diagrams for the specimens tested at different
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Fig. 1. Load-displacement curves of SENB-type specimens of

lanthanium chromite—chrome composite. Testing tempera-
tures: 1—20, 2—700, 3—1100°C.
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temperatures. Non-linear deformation occurs even
at room temperature. With an increase of the testing
temperature to above 700°C the non-linear defor-
mation increases. Because of the inherent brittleness
of both chromium and lanthanium chromite con-
stituents of the composite, it can be supposed that
the non-linearity is due to the slow crack growth
phenomenon as a result of various dissipative pro-
cesses near the crack tip, e.g. microcracking, crack
branching, or bridging in a wake-zone.

Estimated values of the critical stress intensity
factor at initiation of the crack propagation from the
notch tip were 3.20, 3.04 and 0.91 MPa m'/? for the
specimens tested at 20, 700 and 1100°C, respectively.
Therefore, the degree of the brittleness of the com-
posites is very high, even at elevated temperature.

Shown in Fig. 2 are the Kg vs dimensionless crack
increment, a, curves for the specimens tested. The
crack growth resistance increases monotonously
with crack increment. It can be noted that defor-
mation of the specimen after a peak in load has been
achieved did not result in an decrease of crack
growth resistance. During the stable crack propa-
gation, the about two-fold Kz increase can be
revealed at the relative crack increment less than 0.2.

The rising Kz-curve behaviour in the ceramic-
metal particulate composites can be attributed to
both the screening action of the wake microcrack-
ing zone and the crack bridging by metallic and/or
ceramic grains.? During the cooling of the compo-
site from sintering temperature, tensile tangential
stresses are developed due to the difference in the
thermal expansion coefficients and elastic properties
of the components. These stresses, being imposed
on interfaces, promote the microcracking process
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Fig. 2. Ky vs a curves for the specimens tested at 20°C (@),
700°C (M) and 1100°C (A).
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during the stable crack propagation. The higher
the residual stress level, the greater the tendency of
the composite material to grain-boundary micro-
cracking. The explosive treatment promotes these
stresses, as shown by the X-ray diffraction mea-
surements data, at least qualitatively.

Shown in Fig. 3 are the temperature dependences
of the values of the stress intensity factor at the
very start of the crack, Kgg, and at maximum load
on the load-displacement diagrams, Kgy,.
Obviously, the toughening increment diminishes
with an increase in testing temperature above
700°C. The reason is assumed to be in the lowering
of the residual stress level due to the annealing of
the composite material at the testing temperature.
These data can be considered to confirm indirectly
an assumption that the microcracking rather than
plastic crack bridging gives the major contribution
to the rising Kz-curve behaviour. In the case of the
crack bridging, an increase in testing temperature
should result in enhancement of Kg,,—Kg, value,
just because the plastic deformation of chromium
rises with temperature. An additional argument for
this conclusion is the absence of the plasticity of
chromium at room temperature.'”

Thus, the described method allows to study the
crack propagation resistance curve in a simple way
and for small crack increments, when the indirect
crack length measurements are difficult to perform.
The method can be recommended for experimental
purposes, but detailed comparison of the results
with the data obtained by more common methods
should be carried out in future.
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Fig. 3. Effect of testing temperature on the stress intensity

factor at the crack initiation from the notch tip, Kz,, (@)

and at the peak load on the load-displacement diagram,
KRma (.)
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5 CONCLUSION

A technique is described to study the rising crack
growth resistance behaviour in brittle ceramic-
matrix composites. The method is very simple and
no loading—unloading procedure is required to
estimate the crack increments. The stress intensity
factor, Kg, vs crack increment curves are investi-
gated for a high-temperature ceramic—metal com-
posite in the system Ilanthanium chromite—
chromium. The toughening and the slow crack
growth processes are demonstrated for this mate-
rial over a wide temperature range. It is suggested
that microcracking rather than plastic crack brid-
ging in a crack-tip wake zone gives the main con-
tribution to the rising crack-growth resistance
behaviour in these ceramic—metal particulate com-
posite. The toughening increment diminishes with
an increase in testing temperature, probably due to
the annealing of residual stress which promotes the
microcracking process.
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