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Abstract

Over recent years, it has been established that the
incorporation of metallic particles into a ceramic
matrix can lead to enhanced fracture properties.
Relatively few attempts, however, have been made to
establish whether or not the improved fracture
toughness typically observed in such composite sys-
tems can offer improved performance in demanding
environments. The current study is concerned with
the thermal shock behaviour of a ceramic matrix
composite consisting of an alumina matrix contain-
ing 20vol% of discrete iron particles. The composite
material has been produced by both hot pressing and
conventional sintering techniques. The hot pressed
composite shows a greater resistance to thermal
shock than the monolithic matrix, both in terms of
the critical temperature differential and retained
strength, whereas the sintered material has been
found to behave as a typical low strength refractory
ceramic. The calculation of thermal shock resistance
parameters for the composites and the monolith has
indicated possible explanations for the differences in
thermal shock behaviour. © 1999 Elsevier Science
Limited. All rights reserved
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1 Introduction

The incorporation of a particulate metallic second
phase into a ceramic matrix has been shown to
increase the resistance to crack propagation in
several ways. The most promising composites of
this type are those with a high degree of ductile
particle bridging across parting crack faces in the
wake of a propagating crack (e.g. Refs.1-6). Increa-
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ses in fracture toughness are also attributed to the
mechanisms of crack shielding and blunting (e.g.
Ref.7) and crack deflection accompanied by parti-
cle pull-out,>%? although to a lesser extent. Despite
extensive work pertaining to the primary properties
of ductile particle toughened ceramic matrix com-
posites (CMCs), little is known concerning the
secondary properties, in particular whether or not
the improved fracture toughness alone leads to an
improvement in other important properties, such
as thermal shock resistance.

The theory governing the thermal shock beha-
viour of monolithic ceramics is well established.
The classic work of Hasselman!® showed that
opposing property requirements prevail, depending
on whether the material is required to be resistant
to crack initiation (for which high strength and low
stiffness are essential) or resistant to strength
degradation following a severe thermal shock (in
which case low strength and high stiffness are ben-
eficial). Hasselman also introduced thermal shock
resistance parameters (R parameters) as a means
of comparing the thermal shock behaviour of
ceramic materials, in terms of their physical and
mechanical properties. Experimental data support-
ing the theoretical approach have been presented
(e.g. Refs.11-13). Since the thermal shock beha-
viour of a ceramic material is heavily dependent on
several primary mechanical properties, knowledge
of the fracture toughness, fracture behaviour, frac-
ture strength and Young’s modulus of the compo-
sites is required. Therefore the scope of the current
work is broadened to include the evaluation of
mechanical properties relevant to thermal shock.

2 Processing and Characterisation of Composite
Materials

Two alumina—iron composites were produced dur-
ing the study. The first of these was hot pressed,
whilst the second was pressureless sintered. Both



1770 M. Aldridge, J. A. Yeomans

processes involved milling the alumina and iron
powders to give a blend containing 20% by volume
of iron. The iron powder was common to both
composites (69 um powder, supplied by Johnson
Matthey Ltd., Royston, UK). For the hot pressed
composite, a high purity sub-micrometre alumina
powder (AKP-30, supplied by Sumitomo Chemical
Co. Ltd., Tokyo, Japan) was used. The blend was
hot pressed in a graphite die at 1400 °C for 30 min
at 25 MPa uniaxial pressure, in an atmosphere of
argon, using a Clark Scientific hot press. Specimens
of monolithic alumina were also prepared under
identical conditions. For the sintered composite, an
industrial alumina powder (supplied by Morgan
Matroc Ltd., Rugby, UK) was used which con-
tained 3% polyethyleneglycol to act as a binder.
Powder compacts were cold uniaxially pressed at
20MPa in a hardened steel die, before sintering
at 1700°C for 1h in a tube furnace flushed con-
tinually with argon.

The microstructures of both polished and frac-
tured specimens were examined using a Hitachi
S3200N scanning electron microscope (SEM).
Polished samples were prepared using conventional
ceramographic techniques. Figure 1 shows typical
microstructures of the hot pressed and sintered
composites.

Table 1 summarises the microstructural features
of the two composites in terms of grain size and
metallic particle size and morphology (data for hot

Fig. 1. Photomicrographs (secondary electron images) of (a)
hot pressed and (b) sintered alumina—iron microstructures.

pressed monolithic alumina is included for com-
parison where appropriate). The density of the
composites was measured using Archimedes’ prin-
ciple, and is expressed as a percentage of the max-
imum theoretical density (estimated using a simple
rule of mixtures, assuming that no third phase has
been formed).

The microstructure of the hot pressed composite
consists of an apparently random, homogeneous
distribution of irregularly shaped iron particles
within a dense, fine grained alumina matrix. The
sintered composite shows evidence of incomplete
matrix sintering (resulting in increased levels of
porosity, hence the lower density). Grain growth is
more prominent (due to the increased processing
temperature) and the second phase particle size is
increased relative to the hot pressed material.
However, the sintered composite does show a
homogeneous distribution of discrete, irregularly
shaped metallic particles.

3 Evaluation of Mechanical Properties

3.1 Flexure strength

The flexure strength of the two composites was
determined using a conventional three point load-
ing fixture, following ASTM guidelines (C1161-90)
as closely as possible. The sample size was
25x2x1-5mm, with a loading span of 20 mm. The
tensile faces of the bars were polished with a 3 (um
diamond final stage. The flexural strengths for the
monolithic alumina, hot pressed composite and
sintered composite were found to be 464, 641 and
148 MPa, respectively (at a probability of survival
of 0-5 in each case). The strength of the monolithic
alumina corresponds well with data reported in the
literature. The substantially higher strength of the
hot pressed composite is attributed to the decreased
matrix grain size. It is concluded that the iron par-
ticles are significantly bonded to the matrix so as
not to act as strength reducing flaws. The greatly
decreased flexure strength of the sintered compo-
site compared with both the monolith and the hot
pressed composite is thought to be a consequence
of the relatively high levels of porosity caused by

Table 1. Summary of the density and microstructural features
of the hot pressed and sintered alumina—iron composites

Density Grain size Particle Particle
(% theoretical ~ (um)  size (um) shape
density)
Hot pressed 99-6 1-4 3.9  Irregular
alumina—iron
Sintered 95-0 4.5 67  Irregular
alumina—iron
Hot pressed 999 2-1 — —
alumina
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the insufficient sintering of the matrix, the larger
matrix grain size and possibly poor bonding
between the iron particles and the matrix leading to
the production of relatively large flaws.

3.2 Fracture toughness

The fracture toughness of an identical hot pressed
alumina—iron composite was evaluated by Trusty®,
using the double cantilever beam (DCB) technique.
The material was found to exhibit Kr curve beha-
viour, with the fracture toughness rising linearly to
6-6 MPam!/? for a process zone length of 5-4 mm.
In the same study, the Kz curve behaviour of the
hot pressed monolith was found to be constant at
3-1MPam'!/?2. A similar DCB technique has been
used in the present study to evaluate the Kz curve
behaviour of the sintered alumina—iron composite.
Testing was performed within the chamber of a
Cambridge Instruments S100 SEM, allowing precise
measurement of crack length with increasing load,
and observations of crack/particle interactions. The
composite was found to exhibit pronounced Kg
curve behaviour, with the fracture toughness rising
linearly to 8-:3 MPam!/? for a crack length of 5mm,
as shown in Fig. 2. Examination of crack propa-
gation indicated that the ceramic/metal interfacial
bond strength was low, as interfacial failure was
seen to occur in preference to plastic deformation
of the ductile phase in the majority of cases.

3.3 Young’s modulus

The Young’s moduli of the two alumina-iron
composites was measured using Grindosonic
apparatus. The moduli were found to be 341 and
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258 GPa for the hot pressed and sintered compo-
sites, respectively. Therefore a significant reduction
in stiffness relative to the monolithic matrix is
caused by the inclusion of the ductile particles.
Similar trends have been reported for comparable
systems (e.g. Ref.3). Several expressions exist
which enable the estimation of the modulus of a
composite material. Using the mechanics of mate-
rials approach, in which the metallic particles are
approximated to discrete cubes in a continuous
matrix, and taking the Young’s modulus of the
matrix as 380 GPa'# and that of iron as 211 GPa,
the modulus of both composites is estimated to be
344 GPa. Thus, there is excellent agreement
between the calculated and experimental values for
the hot pressed composite, as might be expected
from other observations, i.e. low matrix porosity,
relatively strong interfacial bonding.

Clearly, the sintered composite has a much lower
Young’s modulus than the calculated value. The
effect of porosity on the modulus of the matrix
material can be estimated using the formula pro-
posed by Wachtman.!> Taking the volume fraction
of porosity in the matrix to be 0-06 (i.e. assuming
that all of the porosity is in the matrix) modifies
the matrix modulus to a value of 336 GPa, which
results in a composite value of 310 GPa, which is
still significantly higher than the measured value. If
the modulus of the composite is estimated assum-
ing that the iron particles are not bonded to the
matrix and act as pores, the modulus is under-
estimated. It is therefore concluded that the inter-
facial bonding is poor, but it is not negligible, as
observed during DCB tests.

T T T 1

3 4 5 6

a/mm

Fig. 2. Ky curve behaviour of sintered alumina—iron, measured using DCB method (data taken from two specimens).
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4 Evaluation of Thermal Shock Behaviour

4.1 Retained strength

Specimens of hot pressed composite, sintered com-
posite and hot pressed monolith were subjected to
a range of temperature differentials prior to water
quenching. The flexure strength was then measured
as in Section 3.1. Figure 3 shows a plot of retained
flexural strength versus temperature differential
(AT) for the three materials. The curve for the
monolith is similar to that reported in the litera-
ture,!!"13 showing a critical temperature differential
(AT,) of 200°C and the characteristic sudden loss
of strength at this point, followed by a gradual
decrease for further increasing AT. The hot pressed
composite shows a greater resistance to thermal
shock, both in terms of the increased AT, and the
increased strength retention properties. The sin-
tered composite behaves more like a typical
refractory ceramic, showing no definitive AT, and
little degradation in strength for increased AT.

4.2 Microscopy

Scanning electron microscopy and confocal scan-
ning laser microscopy (CLSM) were used to exam-
ine post-shocked specimen surfaces. Samples of

both hot pressed and sintered composites were
subjected to a AT of 400 °C, then examined using a
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Fig. 4. Photomicrographs showing thermal shock induced
cracking for AT = 400 °C, for (a) hot pressed and (b) sintered
alumina—iron composites.
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Fig. 3. Plot of retained flexure strength versus temperature differential for hot pressed alumina, hot pressed alumina—iron and sin-
tered alumina—iron.
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Cambridge Instruments S100 SEM. Cracking was
observed in both cases as shown in Fig. 4. Inter-
facial failure was found to occur in the majority of
crack/particle interactions. A CLSM (Zeiss
LSM30) was used for fluorescence work. Smaller
samples (2.5x2.5x2.5mm) of hot pressed compo-
site and monolith were subjected to a range of AT
values, then immersed in a water-based dye in an
ultrasonic bath. The dye was found to fluoresce
when exposed to a laser of wavelength 446 nm.
Schematic representations of the crack patterns are
shown in Fig. 5. The thickness of the lines is indi-
cative of the crack opening displacement on the
specimen surface. Cracking was first observed at
AT values of 300 and 400°C for the hot pressed
monolith and composite respectively. It is thought
that the small size of the samples used for micro-
scopy was responsible for the absence of cracking
at a AT of 200°C for the monolith. Crack lengths
and densities were shown to be greater for the
monolith than for the composite at all values of
AT, thus supporting the data shown in Fig. 3.

4.3 Thermal shock resistance parameters
Hasselman!3 introduced thermal shock resistance
parameters (R parameters) as a way of assessing
the response of a ceramic material to thermal
shock. R’ defines the critical temperature differ-
ential at which the tensile stress imposed on the
surface of the material is equal to the fracture
stress, or, such that

(a)

AT=200"C AT=300°C

B

AT=400°C AT=500°C

AT=600°C AT=700°C

T

)

25mm

or(1 —v)

R = AT, =
Eo

k

where v is the Poisson’s ratio, k is the thermal
conductivity, E is the Young’s modulus and « is
the coefficient of thermal expansion. The fifth
thermal shock resistance parameter, which indi-
cates the ability of a material to resist damage fol-
lowing a thermal shock treatment of AT > AT, is
given by

2
KIC

R/l/l —
A1)

where K. is the fracture toughness. Table 2 sum-
marises the relevant mechanical properties of the
monolith, hot pressed composite and sintered
composite, along with the calculated values of R
and R".

Whilst it is recognised that the values of Pois-
son’s ratio, thermal conductivity and coefficient of
thermal expansion for the composites are unlikely
to be identical to those of monolithic alumina, it
can be seen that the R parameters that have been
calculated on this basis broadly support the
experimental data shown in Fig. 3. Indeed, the
thermal conductivity of the hot pressed composite
is likely to be higher than that of either of the other
two materials and to result in an increased value of
R’. For the sintered material, the increase in thermal
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Fig. 5. Schematic representations of the cracks produced at various values of AT for hot pressed (a) alumina—iron composite and
(b) monolithic alumina.
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Table 2. Summary of relevant mechanical and thermal prop-
erties of the hot pressed monolithic alumina, hot pressed
composite and sintered composite

Hot pressed  Hot pressed Sintered

alumina alumina—iron  alumina—iron
or (MPa) 464 641 148
E (GPa) 380" 341 258
v 0-22" 0-22" 0-22"
k(Wm~ 1K™ 20" 20" 20"
Ki. (MPa m'/?) 3.1 69 83
a (x107°K-1) 7-7" 7-7" 7.7
R (Wm™) 2474 3808 1162
R" 57 149 4032

“Data taken from Ref.14 for monolithic alumina.

conductivity as a result of the presence of iron may
be offset by the increased porosity. The larger R’
calculated for the hot pressed composite indicates a
higher resistance to the initiation of crack propa-
gation under conditions of thermal shock. R’ for
the sintered composite is significantly lower than
that for the monolith, implying that a lower critical
temperature differential would be expected. This is
not apparent, however, from the data shown in
Fig. 3. It is possible that cracking in the sintered
composite does indeed initiate for a relatively low
AT, but that the high damage resistance of the
composite results in minimal crack propagation
and consequent strength degradation. Such a claim
is supported by the R" values shown above, with
the monolith showing the lowest damage resis-
tance, and the value for the sintered composite
being over 70 times greater.

Similar results were presented by Aghajanian et
al.,> who fabricated a range of alumina—aluminium
composites. The thermal shock resistance was
found to be improved relative to the monolith
for those composites showing low levels of
porosity, in terms of initial room temperature
strength and critical temperature differential.
However, the more porous composites behaved
as a refractory material, showing relatively low
room temperature strength, no definite critical
temperature differential and a high degree of
damage tolerance.

It is unclear at this stage whether the improve-
ment in AT, of the hot pressed composite and the
increased damage resistance capabilities of both
the hot pressed and sintered composites are a direct
consequence of the increased fracture toughness of
the composites, and corresponding Kr curve beha-
viour. It appears that both the reduced Young’s
modulus and increased fracture toughness of the
composites compared with the monolith contribute
to the overall improvements in thermal shock
behaviour observed. It is further concluded that
the significant difference between the fracture

strength of the two composites is responsible for
the change in behaviour from a typical engineering
ceramic to a refractory ceramic.

5 Conclusions

Alumina—iron composites have been fabricated
using methods of hot pressing and conventional
pressureless sintering. The mechanical properties of
the composites relevant to thermal shock have
been evaluated, including strength, toughness and
stiffness. Large differences in the strengths of the
sintered and hot pressed materials have been
observed, and explained in terms of the differing
microstructures produced by the two processing
methods. The sintered composite has been shown
to exhibit Kg curve behaviour similar to, although
more pronounced than, that shown by the hot
pressed composite.

The thermal shock behaviour of the composites
has been studied experimentally, with comparisons
being made with monolithic alumina. The thermal
shock resistance of the hot pressed composite was
found to be significantly greater than the monolith,
whereas the sintered composite was found to
behave as a typical low strength refractory ceramic.
The calculation of thermal shock resistance para-
meters has supported the experimental data
obtained.
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