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Abstract

Yttria tetragonal zirconia polycrystals (YTZP)/alumina short fibre (Al,O3-SF) composites were prepared by wet ball milling.
Three different commercial powders of YTZP containing 2, 2.5 and 3 mol% of yttria (denoted as TZ2Y, TZ2.5Y and TZ3YA,
respectively) were used as matrices, reinforced with 20 wt% Al,O3-SF. The effect of sintering conditions on the mechanical
properties of the composites was studied. XRD and SEM techniques were used for the characterization of the prepared
composites. The fracture toughness and hardness were determined by the Vickers indentation technique. The bend strength
was measured using a four-point bending test machine. The results showed that both strength and toughness increase with
yttria content. The TZ3YA/20 wt% Al,O3-SF composite showed bend strengths up to 760 MPa and fracture toughness of
9.2 MPa,/m upon pressureless sintering at 1600 °C. Higher values of the bend strength, up to 855 MPa, were obtained for
the post-sintered hipped composites at 1500 °C. The high bend strength and fracture toughness, Kc, result from strong fibre
matrix interface. The toughening mechanisms were found to comprise transformation toughening, domain switching and
crack deflection toughening. The addition of Al;O3-SF to the matrices of low yttria content was invaluable due to its high

monoclinic content upon sintering.
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1 Introduction

Zirconia-based ceramics cover a large area of the advanced
technical ceramic materials, due to their unique combina-
tion of optical, electrical, mechanical, thermal, and chemical
properties, which make it find applications in many fields
such as structural materials, thermal barrier coating, solid
oxide fuel cell electrolytes [1] and photonic applications [2].
Zirconia has three different crystal structures: monoclinic at
room temperature to 1170 °C, tetragonal between 1170 and
2370 °C, and cubic at 2370 °C and higher. By adding stabi-
lizing oxides like CaO, MgO, CeO,, Y,03 to pure Zirconia,
multiphase materials known as partially stabilized zirconia
(PSZ) are generated. Among these, yttria-stabilized tetrag-
onal zirconia polycrystalline (YTZP) ceramics are regarded
as strong candidates for structural applications due to their
excellent strength and toughness in combination with high
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wear resistance and chemical inertness. Besides many of
implant biomaterials, YTZP ceramics have been increasingly
used because of their excellent biocompatibility, low thermal
conductivity and superior mechanical properties [1].

At high temperatures, the YTZP ceramics exhibit degra-
dation in their mechanical properties, due to the progressive
spontaneous transformation of the metastable tetragonal
phase to the monoclinic phase. The addition of a material with
high elastic modulus to YTZP forming composites retained
its high strength and toughness due to load transfer and crack
deflection mechanisms [3].

Several examples have been reported for such compos-
ites, YTZP/SiC whiskers [4], YTZP/Al,O3 fibre [5] and
YTZP/Al,0O3 powder [6-8].

Reinforcing with high strength fibres or whiskers affects
the strength of the composite depending on various param-
eters such as the interface properties [9, 10], physical and
chemical compatibility [11]. Different processing parame-
ters such as the mixing methods [12, 13], composition [14],
shaping [15] and firing conditions [16] could also have a great
influence on the composite properties.
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The YTZP/Al,Oj3 short fibres (YTZP/Al,O3-SF) belong
to the oxide matrix/oxide fibre composites, which are sup-
posed to have good stability against oxidation compared to
other systems based on metals or carbides. This material,
therefore, seemed attractive to us and is the subject of this
study.

In the present work, YTZP/Al,O3-SF composites have
been prepared using a simple mixing method. The physical
and mechanical properties are evaluated, and the toughening
mechanisms are discussed.

2 Experimental

Three different commercial powders of YTZP (Tosoh,
Japan), containing 2, 2.5 and 3 mol % of yttria (designated
as TZ2Y, TZ2.5Y and TZ3YA, respectively), have been used
as matrices. AlpO3-SF is normally added in amounts ranging
from 10 to 30 wt% [17, 18]. Amounts below 10 wt% will not
be effective in reinforcing the matrix, while the high content
(above 30 wt%) may result in agglomeration that degrades
the mechanical properties. So, in the present work 20 wt%
Al>,O3-SF (ICI Chemicals, UK) were added to each of the
above matrices. For the TZ3YA matrix, an additional mixture
containing 10 wt% of Al,O3-SF was prepared.

Prior to their addition to the matrix, the Al,O3-SF were
dispersed in an aqueous solution at a pH = 2, adjusted by
adding few drops of HNO3 and monitored by pH meter.
This process enabled rapid sedimentation of large fibres and
agglomerates to get rid of, thus avoiding non-homogeneity
in the composite. The suspension containing the remain-
ing dispersed short fibres was dried. The selected fibres had
a diameter of about 2 wm, measured using a transmission
optical microscope, and about 10 aspect ratio. The required
amount of short fibres, for each composite, was dispersed in
a small amount of aqueous solution at pH = 2. It was then
added to an ethanol solution containing the YTZP powders.
The mixing was performed in a ball mill using plastic balls, at
a moderate speed for 20 h. In this way, the reduction of short
fibre aspect ratio which might be caused by milling was min-
imized. After mixing, the resulting slurry was oven-dried,
and the powder was then sieved and pressed at 100 MPa in
a steel die of dimensions 8 x 35 mm using a compact type
hydraulic press.

The compacts were pressureless-sintered, in air (MoSia
furnace), at different temperatures: 1400, 1500, 1600 and
1650 °C for 2 h. Some of the pressureless-sintered (at
1400 °C) composite pellets were hot isostatically pressed
(hipped) at 1500 °C/1 h at a pressure of 100 MPa. The
apparent densities of the sintered pellets were determined by
Archimedes method (water displacement method) in which
a fully submerged pellet in water displaces the same amount
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of water as its volume. Dividing the pellet dry weight by this
volume gives the density according to following equation:

ny
p = - < X pWalCr
my — (my — my,)

where p is the sintered density, m,, is the dry weight, m is the
wet weight in air, m» is the wet weight suspended in water,
my is the weight of wire (used to suspend the pellets in water)
suspended in water and pater iS the water density.

The fracture toughness and hardness were determined on
the polished sample surfaces by the Vickers indentation tech-
nique, using a Zwick hardness tester at loads ranging from 50
to 200 N. The bend strength was measured using a four-point
bending test machine with 20 mm supporting and 10 mm
loading spans and a cross head speed of 0.22 mm/min. The
phases present in the sintered samples were determined using
Toraya’s formula [19] from XRD patterns obtained using
XRD machine (XRD-3A Shimadzu-Japan). The microstruc-
ture was examined using SEM (JSM5400).

3 Results and Discussion
3.1 Densification Behaviour
3.1.1 Pressureless Sintering

The sintered densities of the composite compacts made from
TZ3YA matrix having 10 and 20 wt% Al;O3-SF fired at
different temperatures for 2 h are shown in Fig. 1. It can be
seen that sintering at 1500 and 1650 °C produces highly dense
ceramic composites. The high densities obtained could be
attributed to the removal of the larger size Al,O3-SF and the
short fibre agglomerates, besides the excellent homogeneity
obtained by the mixing in suspension, as can be seen from
the SEM micrograph (Fig. 2).

The composite containing 20 wt% Al,O3-SF showed
slightly better densification (~ 100% of TD) than that contain-
ing 10 wt%, which is in agreement with the results reported
by Bream, 1989 [20] and relatively higher than those obtained
by Pujari & Jawed 1986 [5]. This might be due to the dif-
ference in the diameter of the reinforcing fibres which was
2 pm in our case compared to 20 wm for the later.

3.1.2 Hot Isostatic Pressing

Post-sintering hot isostatic pressing at 1500 °C, 100 MPa for
1 h of the composite compacts containing 20 wt% Al,O3-SF,
pre-sintered at 1400 °C, yielded an increase in their densities
from ~92% to almost 100% of the theoretical values.
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Fig.1 The sintered densities versus sintering temperatures for
TZ3YA/Al,O3-SF composites

Fig.2 SEM micrograph of a polished section of TZ3YA (grey)/20 wt%
Al»O3-SF (dark) sintered in air at 1650 °C/2 h

3.2 Mechanical Properties
3.2.1 Effect of Sintering Conditions and Fibre Content

The bend strengths versus sintering temperatures for
TZ3YA/Al,O3-SF, pressureless-sintered, composites are
shown in Fig. 3. From the figure, bend strengths of 694
and 760 MPa were obtained upon sintering at 1600 °C/2 h
for the composites containing 10 and 20 wt% Al,O3-SF,
respectively. The fracture toughness measured for the same
composites was found to be 9 and 9.2 MPa,/m, respec-
tively. These values are nearly twice the values measured
for the TZ3YA matrix (bend strength of 380 MPa and frac-
ture toughness of 5.96 MPa,/m), upon sintering at the same
temperature.
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Fig.3 Bend strength versus sintering temperature for TZ3YA/AI203-
SF Composites

Table 1 Bend strengths (o) and Weibull modulus (m) of the TZ3YA
composites, pressureless-sintered at 1400 °C and hipped at 1500 °C/1 h

Sintering method 10% fibre 20% fibre

o (MPa) m o (MPa) m
Pressureless sintering 639 4.1 661 46.8
Hipped 735 9.6 855 18.3

The strengthening effect of the alumina short fibres might
be attributed to load transfer contribution from a strong
TZ3YA/Al,O3-SF interface, in agreement with a previous
interpretation in the YTZP/SiC whisker system [3]. How-
ever, the increase in the strength with short fibre addition in
the present work is relatively smaller than that observed in
the case of TZ3Y/SiC whisker composites prepared by hot
pressing. This might be attributed to the whisker alignment,
being preferentially normal to the hot pressing direction in
the latter case, while randomly oriented in the former.

The TZ3 YA composites containing 10 and 20 wt% Al,O3-
SF, hipped at 1500 °C/100 MPa for 1 h, showed an increase
in the bend strength of 100 and 200 MPa above the values
obtained for the pressureless-sintered composites, respec-
tively (Table 1). The increase in the short fibre content was
accompanied with a substantial increase in the Weibull mod-
ulus (m) obtained from the bend strength measurements.
However, this increase in strength due to hipping was accom-
panied by a slight decrease in fracture toughness and an
increase in hardness as given in Table 2.

3.2.2 Effect of Yttria Content in the Zirconia Matrix

Figure 4 shows bend strength and the fracture toughness ver-
sus yttria content for composites having 20 wt% Al,O3-SF,
pressureless-sintered at 1650 °C/2 h. It can be seen that both
strength and toughness increase with yttria content. The low
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Table 2 Fracture toughness

(K1c) and hardness (Hv) of the Sintering method 10% fibre 20% fibre

sl nimord at 1400 °C Kic (MPay/m) Hv (GPa) Kic (MPay/m) Hy (GPa)

and hipped at 1500 °C/1 h Pressureless 5.4 13.1 5.8 132
Hipped 49 13.6 52 13.9
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Fig.4 Bend strength and the fracture toughness versus yttria content
for 20 wt% Al,O3-SF composites, pressureless-sintered at 1650 °C/2 h
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Fig.5 XRD pattern of the TZ2Y/20 wt% Al,O3-SF composite

strength and toughness values obtained for the composite
containing 2 mol% yttria (TZ2Y) are attributed to the large
amount of the monoclinic phase (about 90%), generated as
a result of tetragonal to monoclinic phase transformation
during cooling, on the sintered surface of the composite
(Fig. 5). The large number of microcracks generated by
such ubiquitous transformation could be the cause of its
poor mechanical properties. In contrast, the good mechan-
ical properties obtained for the composites made from the
2.5 and 3 mol% yttria YTZP matrices might be due to the
absence of monoclinic phase on the sintered surface as can
be seen from Fig. 6.
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Fig. 6 Monoclinic content and the fracture toughness versus the yttria
content in the matrices of composite containing 20 wt% Al,O3-SF

3.2.3 Effect of Sample Surface Preparation

Itis well known that the crack propagation in fibre composites
depends largely on the orientation of the reinforcing fibres.
Consequently, for such composites with randomly oriented
short fibres, one should expect a high degree of anisotropy in
crack lengths emerging from the corners of the Vickers inden-
tation as that made on the polished surface of TZ3YA/20 wt%
Al>O3-SF, sintered at 1600 °C, shown in Fig. 7a. The surface
has been subjected to rough grinding to remove the as sintered
surface layer prior to polishing, which resulted in random ori-
entation of fibres. It can be seen that larger cracks emerged
from left and upper corners, while shorter ones emerged from
the right and lower corners.

In contrast, careful grinding using a light force for a short
time followed by polishing did not remove the well-aligned
fibres in the sample’s outer surface layer as shown in Fig. 7b.
In this case, very small cracks emerged from the corners of the
Vickers indentation. This shows the effect of fibre alignment
on suppressing the crack propagation and gives evidence that
the fibres are aligned only at the outer sample’s surface in the
plane normal to the pressing direction.

Consequently, a substantial improvement in both fracture
toughness and strength could be achieved by using hot press-
ing which might help in massive alignment of the fibres in
normal planes to the pressing direction.
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Fig.7 Vickers indentation on the polished surface of TZ3YA
(grey)/20 wt% Al,O3-SF(dark) composites

3.3 Toughening Mechanisms

Three toughening mechanisms are supposed to play role in
the toughening of the TZ3YA/Al,O3-SF composites. The
first one is transformation toughening, due to the tetrago-
nal to monoclinic phase transformation, that occurs ahead of
the propagating crack tip associated with stress application
on the composite. The second is the stress assisted matrix
domain switching toughening, which is related to the change
from one equilibrium state to another by domain reorienta-
tion. This is expressed by the increase in the intensity of the
line (002) and a decrease in the intensity of line (200), as
shown in Fig. 8 of the XRD pattern made on the compos-
ite cut surface. The contribution of the ferro-elastic domain
switching to the stress intensity factor Kjc was approximately
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Fig. 8 XRD pattern made on the cut surface of TZ3YA/20 wt% Al,O3-
SF composite sintered at 1650 °C/2 h

estimated to be in the order of 2 MPa,/m, for tetragonal zir-
conia ceramics [21].

The third is the toughening due to the reinforcing fibres,
where a crack deflection mechanism might take place. It can
be seen that the crack directed towards the Al,Os fibre is
deflected along the fibre/matrix interface as shown in Fig. 9a.
In this figure, it can be seen that the principle crack emerging
from the Vickers indentation corner has been obstructed by a
fibre oriented normal to its propagation direction. The frac-
ture energy is dissipated through the lateral crack which is in
turn subjected to crack deflection at the fibre/matrix interface
as shown in Fig. 9b. Figure 10 shows the intergranular prop-
agation of a crack emerging from the indenter corner which
firstly did not meet a well oriented fibre, but later met one
and was arrested.

The interfaces between the matrix and the fibres are a
critical play maker in the fibre composite manufacture; fibre
coating is necessary to form a bond layer [21]. Whenever
the interface layers have high bond strength, they will act as
load transfer media between the matrix and the strong fibre,
which enhances both fracture toughness and strength of the
composite. The strong bonding between fibre/matrix rules
out the harmful effects resulting from fibre debonding. The
SEM micrograph in Fig. 11 shows a white thin glassy phase
(interface) layer between a grey TZ3YA matrix and a black
Al,O3 fibre. This layer of glassy phase plays the role of the
strong bonding interface.

4 Conclusions

e Highly dense (about 98% of TD) YTZP/Al,O3-SF com-
posites with excellent distribution of alumina short fibre
were prepared using a simple mixing technique.

G
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(a) TZ3Y A (gray)/10 wt.% Al,Os-SF (dark)

(b) TZ3YA (gray)/20 wt.% Al,Os-SF (dark)

Fig.9 Optical micrographs of Vickers indentation on composites’ pol-
ished surfaces, sintered at 1650 °C/2 h (780X)

e An increase in the Al,O3-SF content increases both the
bend strength and toughness.

e The pressureless-sintered TZ3YA composites containing
20 wt% Al>,O3-SF showed high strength and fracture
toughness values up to 760 MPa and 9.2 MPa,/m, respec-
tively, compared to 380 MPa and 5.96 MPa,/m for the
TZ3YA matrix.

e The TZ3YA/Al,O3-SF  composites hipped at
1500 °C/100 MPa for 1 h showed an increase in the
bend strength of 100 and 200 MPa above the values
obtained for the pressureless-sintered TZ3YA-composites
containing 10 and 20 wt% Al,O3-SF, respectively.

e Much lower values of bend strength and toughness
(250 MPa and 5.5 MPa,/m) were obtained for the
composite with low percentage of the stabilizing yttria,
TZ2Y/20 wt% Al;O3-SF, due to the high percentage of

@ Springer

Fig. 10 SEM micrograph showing intergranular crack deflection in
TZ3YA (grey)/20 wt% Al,O3-SF (dark) composite sintered at
1650 °C/2 h

Fig. 11 SEM micrograph showing a glassy phase layer (indicated by
arrow) in TZ3YA/20 wt% Al,O3-SF composite

the monoclinic phase formed on the sample surface upon
sintering.

e A thin glassy phase was found to exist between
fibre/matrix, forming a strong interface.

e The mechanisms of toughening consist of simultane-
ous contribution of transformation toughening, domain
switching toughening and crack deflection around alumina
strong fibres.
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