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Microstructure and mechanical properties
of chromium and chromium/nickel particulate
reinforced alumina ceramics

Y. JI*,J. A. YEOMANS

School of Engineering, University of Surrey, Guildford, Surrey, GU2 7XH, UK

A range of Al,03-Cr and Al,O3-Cr/Ni composites have been made using either pressureless
sintering in the presence of a graphite bed or hot pressing. Examination of the
microstructures shows that they are fully dense (typically 98-99% of the theoretical density)
and that the micrometre-scale metallic particles remain discrete and homogeneously
dispersed in all composites. All of the hot pressed specimens had higher flexural strengths
than the sintered materials. Within each processing route, the composites had slightly
lower strength values than the equivalent monolithic alumina specimens. This was
attributed to weak interfacial bonding. Fracture toughness behaviour was investigated
using indentation and double cantilever beam methods. All of the composites were found
to be tougher than the parent alumina and to show resistance-curve behaviour. For the
composites, maximum fracture toughness values were 5-6 MPam'/2 (about double the
value for alumina) for process zone sizes of a few millimetres, although steady state was
not reached in the limited number of specimens tested. Examination of fracture surfaces
and indentation cracks showed that the toughening potential of the metal particles was not
exploited to any significant extent. This was mainly due to weak metal-Al, O3 interfaces, but
also because of carbon embrittlement of the metallic particles in which chromium was the
major constituent. © 2002 Kluwer Academic Publishers

1. Introduction

As the use of ceramics as structural materials is often
limited by their brittleness, much effort has been di-
rected towards producing tougher ceramics. The frac-
ture toughness of the matrix materials can be improved
by incorporating various energy-dissipating compo-
nents into the microstructure to create ceramic ma-
trix composites. Among these mechanisms, incorpo-
ration of a metallic phase has been shown to be one
of the promising methods to toughen brittle materi-
als. Toughening is most effective when the crack is
bridged by intact ligaments of the ductile phase be-
hind the advancing crack tip. If the metallic phase is
continuous it cannot be by-passed by an advancing
crack and this ensures utilisation of the crack bridg-
ing mechanism. The presence of a continuous metal
phase, however, is not always desirable as it can lead
to problems associated with electrical conductivity, en-
vironmental degradation and creep. Thus, it can be de-
sirable to have the second phase in the form of discrete
particles.

Alumina is the most common matrix material to be
studied and within the discrete metal particle category
of composites, there have been a number of reports on
the effects of different metals including Ni[1-8], Ni-Co
[9, 10], Fe [11-13], Fe-Cr [13], Cr [14] , Ag [15], Mo

[16-18], Cu [19-21] and W [22, 23]. Whilst earlier
work tended to use particles in the micrometre-scale
range, over the last decade there has been increasing
interest in using particles in the nanometre-scale range.
Such nanocomposites tend to be stronger, as a result
of the matrix grain size refinement resulting from the
pinning effect of the particles, but the toughness of these
materials is not improved significantly.

The present work concerns the microstructure and
its effect on the mechanical properties of Al,O3-Cr and
Al,O3-Cr/Ni composites with Cr particle sizes in the
micrometre size range. Chromium has been selected
because it has a coefficient of thermal expansion [24]
that is lower than that for alumina [25] at room tempera-
ture, unlike many of the other metals that have been used
in previous programmes. The coefficient of thermal ex-
pansion is higher than alumina at higher temperatures
but, nevertheless, the residual stresses developed as a
result of the mismatch in the coefficients of thermal ex-
pansion should be lower than for other alumina-metal
systems and might even lead to cracks being attracted
to the metallic particles, thus encouraging utilisation of
the ductile bridging mechanism. Furthermore, Al,O3
and Cr,0O3 are completely soluble in each other and
this may aid the formation of a strong bond between
Al,O3 and Cr.
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2. Experimental procedure

2.1. Materials fabrication

A powder blending method was used to fabricate the
Al,O3-Cr and Al;O3-Cr/Ni composites. The starting
powders were a-Al,O3 AKP-30 powder (Sumitomo
Chemical Co. Ltd., Tokyo, Japan), two chromium pow-
ders with different particle sizes, 80Cr/20Ni (80 wt%
Cr and 20 wt% Ni) powder and 20Cr/80Ni (72 wt% Ni,
16 wt% Cr and 8 wt% Fe) powder. All the metal pow-
ders were supplied by Goodfellow Advanced Materials,
Cambridge, U.K. Further details are given in Table 1.
For each blend, the required amounts of alumina and
the metallic powder were calculated to give 20 vol%
metallic phase in the final composite, assuming full
density, no mass loss and no third phase formation. The
powder mixture was milled in ethanol using alumina
milling media for 24 hours. The slurry was then dried
in an oven. The dried powder mixture was crushed and
passed through a 200 pwm screen. The Al,O3-Cr blends
were pressureless sintered and, for these experiments,
green bodies were formed by uniaxially pressing about
10 g of powder in a 25 mm diameter cylindrical steel
die to a pressure of about 30 MPa. Sintering was per-
formed in a tube furnace (Lenton 1850) in air or argon,
with or without a surrounding graphite powder bed. The
heating rate was 5°C min~!. After holding at the sinter-
ing temperature for the required time, the furnace was
left to cool naturally to room temperature before the
sample was removed. In the hot pressing experiments,
about 10 g of the powder blend was hot-pressed in a 25
mm diameter graphite die under argon protection with a
ramp rate of 20°C min~!. Onreaching 1400°C, a uniax-
ial pressure of 20 MPa was applied. Both pressure and
temperature were held for 30 mins. The pressure was
then released and the system cooled to room temper-
ature. The Al,O3-Cr powder blend using the coarser
chromium powder was not hot-pressed. Sintered and
hot pressed samples of monolithic alumina were fabri-
cated for comparison purposes.

2.2. Characterisation of the composites

The densities of the composites were determined by
Archimedes’ principle. X-ray diffractometry (XRD)
using a Philips PW 1050 diffractometer with monochro-
mated Cu K, radiation was used to determine the major
phases present in the composites. Microstructural ob-
servations of the powder blends, the polished surfaces
and fracture surfaces employed scanning electron mi-
croscopy (SEM) (Hitachi S3200N) and transmission
electron microscopy (TEM). Thin foils for TEM inves-
tigations were prepared by standard preparation meth-
ods for ceramic materials, i.e., mechanical cutting, dim-
ple grinding/polishing, followed by ion-beam etching.
TEM studies were conducted on a Philips CM 200

TABLE 1 Particle size and density of the starting powders

Powder Particle size (um) Density (Mg m=3)
Al O3 0.3-0.5 3.98

Cr coarse 45-200 7.19

Cr fine <5 7.19

80Cr/20Ni <75 7.5

20Cr/80Ni <75 8.4
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microscope equipped with an EDX (energy dispersive
X-ray) analyser.

2.3. Mechanical property evaluation
Indentation tests were performed using a Vickers pyra-
mid diamond hardness testing machine (Hardness Test-
ing Machines Ltd.). The specimens were polished to a
1 pum diamond surface finish before the tests. A 196 N
load with a loading time of 10 seconds was used. Each
indentation was placed at least ten diagonal lengths
away from adjacent indentations. The average length
of radial cracks emanating from the indentation corners
was used to obtain a value of fracture toughness using
the equation of Liang et al. [26]. The fracture toughness
results were averaged over 10 indentations per speci-
men. Double cantilever beam (DCB) testing was used to
assess the fracture toughness and resistance-curve be-
haviour. Typically, the specimens were around 20 mm
in length, 12 mm wide and 4 mm thick, with a central
grooved area of 1 mm thickness containing a4 mm long
notch. A travelling microscope was used to measure
the advancing crack length during the crack opening.
Further details of the procedures adopted have been
described elsewhere [27].

The flexure strength was evaluated using 3-point
bend testing. Bars were cut from the hot pressed bulk
and then ground to 2 mm x 1.5 mm x 25 mm. The ma-
chining damage was mechanically removed by polish-
ing, ultimately to a 3 ©m diamond surface finish on the
tensile surface. The other three surfaces were polished
to a 30 um finish. The edges were chamfered to avoid
edge defects. The 3-point bend testing was conducted
on an Instron 1195 mechanical testing machine using a
cross-head speed of 0.5 mm/min and a span of 20 mm.
The fracture strength results were averaged over 3—4
specimens.

3. Results and discussion
3.1. Microstructural characterisation
of pressureless sintered composites

The sintering or hot pressing schedules and densities
of monolithic Al;O3 and some of the composites are
shown in Table II. Initial work on Al,O3-Cr compos-
ites made from the coarser chromium powder showed
that it was not possible to produce dense samples with-
out the use of a graphite powder bed. An argon atmo-
sphere did not stop the oxidation of the chromium and
reaction with the alumina to form an alumina-chromia
solid solution. Using a graphite powder bed, it was pos-
sible to achieve densities greater than 95% of the cal-
culated theoretical density (TD). The most successful
schedule was 1 hour at 1500°C which gave a composite
with a density of 4.58 Mgm™ (98.9% TD). XRD of
this sample, denoted as SC (sintered, coarse) Al,Os-
Cr indicated that it contained alumina and chromium
as expected but also small amounts of (Al, Cr),O3 and
chromium carbide. The carbide presumably originated
from reaction between the chromium and the graphite
powder bed. Microstructural observation of this speci-
men showed that it was not homogenous. In the outer
regions large chromium particles surrounded by many
smaller, irregularly-shaped chromium particles could
be seen (Fig. 1) whereas the more central chromium



TABLE II Sintering and hot pressing schedules of monolithic Al;O3 and the composites

Specimen Temperature (°C) Time (mins) Environment Density (Mg m~—3) Relative density (%)
S AL O3 1500 60 Air 3.88 97.5

SC Al,03-Cr 1500 60 Graphite bed 4.58 98.9

SF Al,03-Cr 1500 60 Graphite bed 4.36 94.2

HP AL, O3 1400 30 Graphite die 3.92 98.2

HP Al,03-Cr 1400 30 Graphite die 4.08 98.6

HP Al,03-80Cr/20Ni 1400 30 Graphite die 4.59 99.12

HP Al,03-20Cr/80Cr 1400 60 Graphite die 452 99.1°

S = sintered, HP = hot pressed.
2Based on the measured metal content of 15 vol%.
YBased on the measured metal content of 13 vol%.

Figure 1 Scanning electron micrograph of large chromium particles surrounded by satellite particles in the outer parts of specimen SC Al,O3-Cr.

particles were more regular and did not have satel-
lite particles. EDX of the outer regions indicated that
the alumina matrix contained chromium and that there
was a higher concentration of carbon associated with
the chromium particles. It was possible to produce a
TEM foil from this sample (unlike other pressureless
sintered materials). Selected area electron diffraction
patterns (SADPs) confirmed that the metallic particles
were chromium and EDX showed that the chromium
content of the matrix decreased with increasing distance
from the chromium particles.

It is proposed that the oxygen partial pressure at
the start of sintering is sufficiently high for some ox-
idation of the chromium to take place but that the
alumina-chromia solid solution is then reduced to give
the satellite chromium particles. Previous work on
alumina-nickel composites [4] has shown this type of
microstructure to be beneficial in terms of toughness.
In order to promote a greater proportion of irregularly
shaped chromium particles, a finer chromium powder
was used to fabricate composites.

The same sintering schedule as SC Al,O3-Cr was
used to produce SF (sintered, fine) Al,O3-Cr, i.e.,
1 hour at 1500°C in a graphite powder bed. This sam-
ple was not as dense (4.38 Mgm™3; 94.2%TD) as
SC Al;O3-Cr and did not exhibit an inhomogeneous
microstructure (see Fig. 2).

3.2. Microstructural characterisation
of hot pressed composites

It was possible to produce samples with nearly theoret-
ical density by hot pressing. XRD showed that «-Al, O3
and Cr were the predominant phases in the Al,O3-Cr
composite. A peak from chromium carbide may re-
sult from interaction between the powder blend and
the graphite die used during hot pressing. Fig. 3 is a
SEM photomicrograph of this specimen. The Cr parti-
cles have abimodal size distribution. Large Cr particles,
about 30 pm in size, and small sub-micrometre Cr par-
ticles coexist. Some Cr particles are slightly elongated
in the direction perpendicular to the pressing direction.
The grain size of the alumina in this sample is about
1.9 um, which is slightly smaller than that of the mono-
lithic alumina (2.6 wm) fabricated under identical con-
ditions. The alumina powder, however, is in size range
300-500 nm. Thus, alumina grains grew during hot
pressing and adding micro-sized Cr inclusions did not
inhibit alumina grain growth significantly. The Al,O3-
Cr/Ni composites show similar microstructural features
to the Al,O3-Cr composite, in that the metal particles
are slightly elongated in the direction perpendicular to
the pressing direction. For these composites, the theo-
retical densities had to be recalculated to take into ac-
count the loss of metal during the hot pressing process.
With the exception of a slightly higher degree of metal
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Figure 2 Scanning electron micrograph of the Al,O3-Cr specimen made from the fine chromium powder (SF Al,03-Cr), showing a homogeneous

microstructure.

Figure 3 Scanning electron micrograph of the microstructure of the hot pressed Al,O3-Cr specimen.

loss in the outer regions, the samples are homogeneous
and no interfacial reactions could be detected, although
the alumina-metal interfaces were relatively weak and
cracked in some instances.

3.3. Mechanical properties

The results of the indentation and strength tests are sum-
marised in Table III. As would be expected, adding a
softer metal to alumina produces a composite of lower
hardness. The difference between the sintered and hot
pressed alumina specimens is probably a result of the
finer grain size in the later. The results for the com-
posites are in good agreement, in relative terms, with
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TABLE III Mechanical properties of monolithic Al,O3 and the
composites

Indentation
fracture
Hardness toughness Strength

Specimen (GPa) (MPa m'/?) (MPa)
S Al,O3 16.3+0.4 32+£02 320+25
SC Al,03-Cr 13.0£1.1 5.0+£0.7 181+8
SF Al,O3-Cr 12.74+0.6 62+£0.8 264 +27
HP Al,O3 17.5£0.8 34402 476 £17
HP Al O3-Cr 12.0+0.8 7.1£1.1 440£30
HP Al,03-80Cr/20Ni 12.7+£04 6.6+£0.7 353 +38
HP Al,03-20Cr/80Cr 11.94+0.2 6.8+£0.6 418 £ 11




the values reported by Guichard et al. [14] for 22 vol%
Cr composites, although their actual values are higher.
Indentation testing was also used to investigate the po-
tential benefits of adding metal particles in terms of
the fracture toughness behaviour. Indentation fracture
toughness values can be somewhat different from those
obtained from more conventional tests and in this case
it was difficult to obtain well-formed indentations in
the composites so the values can be used only as indi-
cations of behaviour. The two alumina materials have
essentially the same fracture toughness value and all
of the composites have higher values, indicating that
some toughening mechanism is in operation. Again,
the values are comparable with those reported by oth-
ers. Guichard et al. [14], using a single edge notched

beam technique, report values of 3 and 4.3 MPa m'/?

for alumina and Al,03-22 vol% Cr, respectively whilst
Laurent et al. [13] report a value of 4.5 MPa m'/2 for
alumina and 7.5 MPam'/? for Al,03-20 vol% Cr, as
measured using an indentation strength technique.

In metallic particle toughened systems, the most ben-
efit, in terms of toughness behaviour, is derived from
plastic deformation of metallic ligaments bridging the
opening crack. Examination of the indentation cracks
did not reveal more than one or two particles spanning
the crack. Rather, the preferred crack paths were either
along the metal/alumina interface, indicating that this
is an area of weakness, or through the metal particles
in the case of Cr and 80Cr/20Ni (see Fig. 4). Thus,
the toughening increment is most likely to derive from

(b)

Figure 4 Scanning electron micrographs showing (a) the interaction of indentation cracks with Cr particles and (b) a higher magnification view of
the region of small Cr particles surrounding a larger Cr particle in SC Al,O3-Cr. Note that the cracks either travel along the metal-alumina interface

or through the metallic particles.
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Figure 5 Fracture surfaces of (a) SC Al,O3-Cr and (b) HP Al,03-20Cr/80Cr. Note that the Cr particles have fractured in a brittle manner whereas

the 20Cr/80Ni particles show evidence of necking prior to failure.

crack deflection and the maximum potential benefit is
not being gained from metal particle inclusion.

The flexure strength values for the materials are also
given in Table III. All of the hot-pressed materials have
higher strengths than the sintered materials. The hot
pressed alumina is stronger than the sintered alumina,
presumably on account of its finer grain size. The sin-
tered composites are weaker than the sintered alumina,
with SC Al,O3-Cr exhibiting the lowest strength of all
of the materials. The weak interfacial bonding is likely
to mean that the strength-limiting defects are compa-
rable with the size of the chromium particles. The hot
pressed composites are also weaker than the hot pressed
alumina, probably for the same reasons as above. Ex-
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amination of the fracture surfaces showed that cleavage
through the metal particles had occurred in the cases of
Cr and 80Cr/20Ni but not 20Cr/80Ni (see Fig. 5). The
fracture strengths measured here are lower than those
reported by Guichard et al. [14] and Laurent et al. [13],
who both report that the composites are stronger than
the parent alumina by factors of 1.6 and 2.2, respec-
tively. Further, Guichard et al. note that the interfacial
bonding is strong, contrary to the observations in this
work, and in both cases a significant fraction of the
metallic particles are in the submicrometre size range.

Weak metal/ceramic bonding is a well-known prob-
lem in these systems but fracture through the metal is
not often reported. Chromium and 80Cr/20Ni have the
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Figure 6 Results of the double cantilever beam testing showing that
all of the composites exhibit resistance-curve behaviour in that fracture
toughness increases with increasing crack length.

body-centred cubic crystal structure and as such show
a brittle to ductile transition, which is temperature de-
pendent. For chromium, this temperature is above room
temperature and shows a very sharp transition from brit-
tleness to ductility over arange of only a few degrees of
temperature [28]. It has been found that chromium has
a greater tendency to fail by cleavage than other body-
centred cubic metals [29]. The propensity for brittleness
is enhanced by the presence of impurities, such as nitro-
gen, oxygen and carbon [30-32]. In particular, carbon
contents as low as 0.01% have been reported to lead to
brittle fracture at room temperature. An impurity level
of 0.02% carbon is reported, by the manufacturer, to be
associated with the starting powders and further carbon
could be introduced from the graphite powder bed or
die used in the densification procedures. Further, in the
SEM EDX investigation of SC Al,O3-Cr, carbon was
found to be associated with the chromium particles.
Thus, it is reasonable to conclude that the presence of
carbon has resulted in the embrittlement of the predom-
inantly chromium metallic particles. When more nickel
is present, as in the case of 20Ct/80Ni, a face-centred
cubic structure is adopted, and the particles should show
ductile failure at all temperatures.

In order to examine the fracture toughness behaviour
more rigorously, DCB testing was attempted although
the inherent experimental difficulties associated with
this technique meant that only one sample per material
was tested. The results are given in Fig. 6, along with
data on an Al,O3-Ni composite from previous work
[4]. The DCB values are lower than the indentation
fracture toughness values at comparable crack lengths.
All of the composites show resistance-curve behaviour
in that the fracture toughness is a function of crack
length. None of the curves have reached a plateau, in-
dicating that the process zones are not developed fully,
even when the cracks are a few millimetres in length.
Previous work on the parent alumina [12] has shown it
to possess a flat resistance-curve with a constant frac-
ture toughness of around 3 MPam!/2. In terms of this
limited data, the HP Al,O3-Cr is the best material, in
that the fracture toughness increases most rapidly with
crack length and reaches the highest value. This is con-
trary to the predictions of behaviour arising from the
indentation crack path and fracture surface studies. On
the basis of these results, HP Al,03-20Cr/80Ni would

have been expected to exhibit ductile particle stretch-
ing during the DCB testing, which should have pro-
duced a greater toughening increment than crack de-
flection in the other composites. This behaviour may
be a consequence of the difference in the particle sizes
in the two materials. The finer scale microstructure in
the HP Al,03-20Cr material may lead to a shorter pro-
cess zone. Hence, it is possible that had longer crack
lengths been investigated then the maximum fracture
toughness value of HP Al,03-20Cr/80Ni could have
been the highest of all the materials. Further work is
needed to clarify these issues.

The results of indentation testing and DCB testing are
in broad agreement in that both methods indicate that
the composites are tougher than the parent alumina. It
would appear that the residual stresses around the par-
ticles, resulting from the mismatch in the coefficients
of thermal expansion, have little effect on the fracture
toughness behaviour, in that all of the composites show
similar behaviour even though the coefficients of ther-
mal expansion of the metallic phases are quite different.
Thus, other factors are controlling the behaviour. Car-
bon embrittlement of chromium and 80Cr/20Ni leads
to cleavage fracture of some particles. This is most pro-
nounced in the SC Al,O3-Cr composite, presumably as
a result of the graphite powder bed. In all composites,
the weak metal-alumina interface, however, is the ma-
jor factor preventing the full utilisation of the metallic
phase.

4. Conclusions

The microstructures and the mechanical properties of a
range of Al;O3-Cr and Al,O3-Cr/Ni composites have
been examined. Dense composites can be manufactured
by pressureless sintering in the presence of a graphite
bed or by hot pressing. All of the composites were
found to be tougher than the parent alumina and to show
resistance-curve behaviour. Fracture surface examina-
tion showed the full toughening potential of the metal
particles was not exploited to any significant extent,
principally due to the weak metal-Al,O3 interface, but
also because of carbon embrittlement of the chromium
and 80Cr/20Ni phases. Further, this weak interfacial
bonding is also likely to be responsible for the rela-
tively low strength values of the composites.
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