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Abstract

An oxidised outer layer that was formed on reaction
bonded mullite/zirconia composites and the differ-
ence in the mechanical properties between this layer
and the bulk material were investigated using an
ultra micro indentation system (UMIS) combined
with XRD and high resolution SEM. It was shown
that the bulk consisted of mullite and tetragonal zir-
conia as well as some residual alumina and SiC. The
outer layer consisted of mullite and larger grain-
sized zirconia as well as a small amount of zircon.
About 60% of the zirconia was transformed from
tetragonal to monoclinic phase in the layer. It was
found that the bulk had higher hardness but lower
toughness than the outer layer. Indentation testing
revealed the presence of residual compressive stress in
the outer layer, which was attributed to the different
degrees of t- to m-ZrO, transformation, different
[fractions of mullite, and different coefficients of thermal
expansion in the layer versus the bulk. © 1998
Elsevier Science Limited. All rights reserved

1 Introduction

Mullite ceramics have excellent thermomechanical
properties with potential for high-temperature
applications.! However the mechanical properties,
especially strength and toughness, of pure mullite
ceramics at low temperatures are not outstanding.
Significant improvements have been achieved by
incorporating high strength, high modulus second
phase ceramic reinforcements.? Sol-gel processing
and hot pressing are normally used to prepare
these composites. However, simple and more
cost-effective processes are still in demand to
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compete favourably with the available production
methods.

A process for producing reaction bonded alu-
mina based ceramics (abbreviated to RBAO pro-
cess) has been developed~’ at the TUHH, which is
technologically simple, involving traditional fabri-
cation steps, i.e. attrition milling of Al and Al,O;
containing mixtures, forming by methods as used
in normal powder metallurgy, and heat treatment
in air to oxidise the Al into Al,Os;. High-strength
alumina-based ceramics with a wide range of com-
positions and microstructures can be produced
using the RBAO process. This process has been
modified to produce mullite based ceramics and is
accordingly named as the reaction bonding process
for mullite based ceramics (abbreviated to RBM
process).>7 This process provides additional net-
shape forming potential due to the associated
volume expansion during reaction compensating
for the sintering shrinkage.

Mullite/zirconia composites have been prepared
in the TUHH by the RBM process. A novel feature
of these RBM materials is the presence of a white
outer layer on the grey bulk material after sinter-
ing. This layer is about 0-4 mm thick after sintering
at standard conditions (1-5h at 1550°C). While
previous studies have concentrated on the proper-
ties of the grey bulk material,’ the aim of the
present paper is to evaluate the mechanical prop-
erties of the thin outer layer and the inner core
using indentation methods. Traditional techniques
such as the double cantilever beam (DCB) and the
single edge notch beam (SENB) methods involve
extensive sample preparation and are suitable for
bulk materials only.® Indentation methods have
advantages over traditional techniques and require
only a polished plane surface that is readily
attained. Additionally, many indents can be made
in a relative small area and locally determine the
hardness and the elastic modulus of the material.
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With the newly developed nanoindentation techni-
que, hardness and elastic modulus of individual
fine-sized grains and phases in composites can be
determined.

2 Experimental Procedures

The mullite/zirconia samples used in this study were
produced by the RBM process. Powder mixtures
containing 24 vol% SiC, 55vol% Al, 16 vol% ZrO,
and 5vol% Al,Oj; were attrition milled for 5h at
700rpm in acetone with TZP milling balls. The
powders were dried and sieved, and green com-
pacts were made by uniaxial pressing at 50 MPa
and subsequent isostatic pressing at 400 MPa. Both
disc- and bar-shaped samples were prepared for
this study. The samples were fired according to the
following heating cycle: 1° min—! —410°C, 2 h hold,
0-5° min—!'—680°C, 2h hold, 1° min~!'—1100°C, 2h
hold, 1°min~'—1150°C, 15h hold, 10°min~'
—1550°C, 1-5h hold, 10° min—!'—RT.

The hold at 410°C was for the removal of a bin-
der used in the forming step. The oxidation of Al
started at 680°C and was normally completed at
~800°C. The hold at 1100°C and 1150°C was to
oxidise the SiC. To obtain a thicker layer (1 mm), an
additional hold for 15h at 1350°C was included in
the heating cycle after the oxidation hold at 1150°C.
The materials were sintered to >95% theoretical
density at 1550°C. A commercial 3Y-TZP ceramic
with grain size of ~0-3 um was used as a reference
for the micro- and nano-indentation experiments.

Samples for indentation testing were cut from
the parent composite materials. The outside sur-
face of the outer layer and the cross section con-
taining the white outer layer and the grey inner
core were polished down to 1 um diamond paste.
Indentation testing was carried out on a macro-
hardness testing machine (Vickers-Armstrongs)
and a microhardness machine (Zwick & Co. KG.).
Loads from 50 to 400 N were used to indent the
cross sectional inner core, the cross-sectional outer
layer and the outside surface of the outer layer.
Figure 1 is a schematic illustration of the location
of the various indentation tests on the sample.
Indentation testing was also carried out on an
Ultra Micro Indentation System (UMIS 2000). In
this case, the indents were produced at 200 mN
along a line through the outer and core layers at
40 um intervals. Indentation at load 30 mN with
indent interval of 15um was also carried out in
some selected areas from the inner core and the
outer layer. The 3Y-TZP sample was of uniform
microstructure and thus all the indentation tests were
conducted on an arbitrarily selected polished surface
using the same loads as those for the RBM samples.

The dimensional measurement of indents and
crack lengths was conducted on a modern optical
microscope (Nikon) with XY stage optical encoded
scale, high magnification NIC objectives, a video
camera and a TV screen. The resultant magnifica-
tion was as high as 1800x. To improve the reflec-
tion of the polished surface, a thin gold film was
coated before indentation on the micro and macro
hardness testing machines.

Vickers’ hardness values were calculated with the
standard equation:

Hv = 1.8544P/(2a)’

where P is the indentation load (kg) and 2a the
indentation diagonal (mm). The toughness was
calculated based on a half-penny crack configura-
tion and the constant value of P/c*? for a given
material, using the following expression:®

K. = 0-016(E/H)'?P/?

where E is Young’s modulus (GPa); H is hardness
(GPa); P is the indentation load (N); c is the crack
length (m) from the centre of the pyramid impres-
sion to the crack tip.

In the ultra micro indentation system, the hard-
ness and the modulus were determined by the
computer software based on the measured pene-
tration depth as a function of indentation load.!%!!
The ultra micro indentation system was fitted with
an optical objective-video camera-TV screen sys-
tem, which was mainly used for the positioning of
the indentation at certain points or phases.

High-resolution scanning electron microscope
(JEOL JSM 6400 F) was used to analyse the
microstructure of samples, to find the location of
ultra micro indentation impressions and to study
the interaction of the indentation cracks with the
materials. Samples were also coated with thin car-
bon film for SEM observation. Acceleration vol-
tages of 5-25 kV were used for different purposes.
Carbon coating before indentation followed by
SEM observation had another advantage; the
cracks and the impressions were clearly visible due to
the localised charging effect, where the coating had
cracked during testing. XRD analysis of the white
surface and core of samples was also carried out.

3 Results and Discussion
3.1 Microstructure

SEM showed that the white outer layer exhibited
higher porosity than the grey inner core (Fig. 2).
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Both the outer layer and the inner core contained
about 15vol% of zirconia (appearing white in the
SEM microgragh). However, SEM at higher mag-
nification showed that the grain size of the zirconia
phases in the outer layer was larger than in the
inner core (Fig. 3). X-ray diffraction (XRD) (Fig. 4)
showed that the outer layer consisted of mullite,
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Fig. 1. Schematic diagram showing the locations of the var-
ious indentation tests on the mullite-zirconia composite fea-
tured with an outer layer and an inner core.

Fig. 2. SEM micrographs showing (a) the dense inner core
and (b) the porous outer layer.

zirconia and a small amount of zircon. About
60vol% of the zirconia was transformed from the
original tetragonal to the monoclinic phase within
the outer layer. The inner core consisted of mullite,
zirconia and small amounts of alumina and SiC.
Essentially all the zirconia in the core was tetra-
gonal.

Following these results, the formation of the
white layer on the samples can be explained by the
oxidation of the residual SiC in the outer zone of
the material during sintering. It is assumed that
even at a stage when the sample was already den-
sified, oxygen was still able to diffuse into the
material and oxidise the residual SiC. The oxida-
tion products of SiC (CO/ SiO) were trapped in the
material and this resulted in the porosity in the
outer layer.!>13

3.2 Macroindentation

Figure 5 shows the plot of crack length ¢ in the
form of ¢*/? as a function of indentation load (P)
for the bulk and the outer layer as well as the
reference material 3Y-TZP. The data followed a

Fig. 3. SEM micrographs showing that the grain size of the
white zirconia phases in (a) the inner core is smaller than in (b)
the outer layer.
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Fig. 4. XRD diagrams showing the different phases present in (a) the inner core and in (b) the outer layer.

linear relationship, that is ¢3?/P being a constant,
depending on the material. The toughness values
were calculated and are shown in Table 1 along
with hardness values.

It can be seen that the layer was tougher than the
core. The hardness of the inner core was about 2x
the hardness of the outer layer. In addition, the
toughness and hardness values measured on the
cross-section of the white layer were different from
the ones measured on the outside surface; lower
toughness and hardness values were measured on
the cross section of the layer.

This difference in mechanical properties of the
inner core and the outer layer can be attributed to

the different microstructures of the inner core and
the outer layer. The residual SiC and Al,O;3 in the
core made the core harder. The small sized ¢t-ZrO,
particles in the core were too stable, thus they
could not contribute to toughening. The outer
layer was less hard because of the higher porosity
and the lower inherent hardness of the phases. The
higher toughness of the outer layer was due to the
more transformable #-ZrO, phase and to the fact
that the micro-pores also had the effect of stopping
cracks from propagating.

The crack patterns in the inner core area had a
normal symmetry as were those generated on the
outer surface of the layer. However, the crack
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Fig. 5. Plots of ¢*/2 versus load data generated with the Vickers’ indenters.
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Table 1. Results of the macroindentation

Materials/areas tested Ko, MPa. m'2 Hvppes
Core/cross section 2:1£0-2 980+26
Layer/cross section 2.9+02 389+9
Layer/outside surface 3.7+02 425+12
3Y-TZP/polished surface 4.9+0-2 1250+11

patterns from the cross-section of the outer layer
and the area in the core close to the boundary
between the core and the layer showed a pair of
long cracks and a pair of short cracks, with the
long cracks parallel to the interface between the
core and the outer layer (Fig. 6). This suggests that
a residual compressive stress was present in that
area. A consequence of the residual compressive
stress in the surface region of the sample would be
that this stress would contribute to an increase in
strength and a reduction in the crack lengths about
a Vickers impression and thereby a higher effective
toughness.

There are three possible sources for the observed
residual compressive stress. First, there was more

Fig. 6. SEM micrographs showing the normal symmetry of

the crack patterns generated with the Vickers’ indenter in (a)

the inner core and a pair of long cracks perpendicular to a pair
of short cracks in (b) the cross-sectional outer layer.

mullite in the outer layer and the mullite formation
was accompanied by a volume expansion. Second,
the well-known ¢- to m-ZrO, transformation pre-
ferentially in the outer layer because of the larger
grain size was again accompanied by a volume
expansion. Third, since the outer layer had a dif-
ferent phase composition from the inner core, the
mismatch of the thermal expansion coefficients («)
would also lead to residual stress. The core con-
tained some residual SiC and alumina, and a mix-
ture of these two components had a higher o than
mullite, resulting in compressive stress in the outer
layer after cooling.

The residual compressive stress present in the
outer layer may initiate the formation of the trace
amount of zircon phase detectable by XRD, i.e.

3A1,03-2810; + 2Zr0y<=-27rSi04 + 3A1,0;

A small amount of alumina may coexist although it
was not detected by XRD. The density of the alu-
mina (Al,Os3) and zircon (ZrSiO4) mixture is con-
siderably higher than that of the mullite
(Al,03-28i0,) and zirconia (ZrO,) mixture. In
other words, the reaction between mullite and zir-
conia to form zircon and alumina is accompanied
by a volume shrinkage. Therefore, the residual
compressive stress favours the formation of the
zircon phase.

3.3 Microindentation

Analysis of the microindentation force-displace-
ment data enabled the hardness (equivalent to
Vickers’ hardness)'* and the modulus [E/(1 — v?),
E =Young’s modulus, v =Poisson’s ratio] dis-
tribution from the inner core through the bound-
ary to the outer white layer to be determined,
Fig. 7. The impression area covered both the mul-
lite and the zirconia phases, thus the properties
were attributed to the composite material. From
Fig. 7, it can be seen that the hardness in the bulk
was higher than the outer layer, which was also
reflected on the macrohardness testing. The results
for the elastic modulus indicate a significant
reduction from ~200= 10 GPa to 130+ 15 GPa for
the core and the outer regions respectively.

Figure 8 shows the results of the ultra micro
indentation tests (UMIS 2000) at the load of
30mN. In this case, the edge lengths of the inden-
tation impressions were about 1 to 2 um, similar to
the phase size, thus the properties of the individual
phase were able to be detected. In Fig. 8, the
hardness and the modulus were evenly distributed
for the 3Y-TZP. This was because the 3Y-TZP was
dense and consisted of fine (~0-3 um) and homo-
geneously distributed polycrystals. For the outer
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Fig. 7. (a) The hardness and (b) the modulus distribution
from the inner core through the boundary to the outer layer
(indentation load: 200 mN).

layer of the mullite/zirconia sample, the lowest
hardness and modulus values were close to or
equal to the porous mullite, whereas the highest
values were close to or equal to the zirconia phases.
For the inner core, the highest values were close to
or equal to the alumina or SiC, whereas the lowest
values were close to or equal to the mullite grains,
which often contained very fine residual alumina
and SiC particles. The assignment of the mechan-
ical properties to the individual phases was con-
firmed by the SEM observation.

Figures 7 and 8 indicate that the measured
hardness depends on the indent size relative to the
phases present. If the indent size is much larger
than the phase size, the measured hardness is the
hardness of the composite. If the indent size is
much smaller than the phase size, the measured
hardness would correspond to the individual
phase, which is less affected by the other sur-
rounding phases. In fact, the elastic modulus of
composites can be calculated from volume fraction
of different phases determined by XRD according
to the rule of mixture. Thus from the values shown
in Fig. 8 and the known volume fractions of the
specific phases, the composite elastic modulus may
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Fig. 8. Results of the ultra micro indentation tests at the load

of 30 mN showing (a) the variation of the hardness and (b) the

modulus measured at different locations for the inner core and
the outer layer in comparison with the 3Y-TZP.

be estimated (Ecomp = »_ VyEi, where Vp is the
volume fraction of the individual phases of elastic
modulus F;):

Ecore = 0-16 x 200(zirconia) + 0-1
x 360(alumina) + 0-1 x 400(SiC)
+ 0-64 x 144(mullite) = 200 GPa
Ejayer = 0-16 x 200(zirconia) + 0-74
x 144(mullite) = 138-6 GPa

without taking into account the residual porosity.
The calculated elastic modulus of the core and the
layer are quite comparable to the measured values
shown in the Fig. 7.

4 Conclusions

Indentation testing has demonstrated a significant
difference in the hardness, modulus and toughness
of the oxidised outer layer from that of the core
region of the mullite/zirconia composite. The inner
core had a higher hardness (Hv 980 versus Hv 400),
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higher modulus (200 GPa versus 140GPa) but
lower toughness (2-1 MPam®*® versus 3-3 MPam®-%)
than the outer layer.

The zirconia phase of the outer layer was pri-
marily monoclinic whereas that of the inner core
was essentially tetragonal. There were other minor
changes in composition of the outer layer com-
pared with the inner core, associated with the
complete oxidation of SiC to form mullite. The
microstructure of the outer layer was higher in
porosity and the grain size of the zirconia phase
was coarser than in the core region. The inner core
consisted of ~64 vol% mullite, ~16 vol% zirconia,
~10vol% alumina, and ~10vol% SiC. The outer
layer consisted of ~74vol% mullite, ~16vol%
zirconia, and ~10vol% pores.

Cracking from indentation tests indicated that a
compressive stress existed within the outer zone
which was possibly associated with the high
amount of monoclinic zirconia and difference in
thermal expansion coefficients.
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