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Abstract
Zirconia-toughened alumina (ZTA) with a zirconia content close to the percolation threshold has become the state-

of-the art ceramic material for hip implants. In this study the stabilizer content in a ZTA with 17 vol% zirconia
was varied between 0.6 – 2 mol% Y2O3 to understand more about the influence of the stabilizer concentration on
mechanical properties, phase composition and formation of residual stress. It was found that fracture resistance
reaches its maximum close to the stress neutral state where transformation stresses equilibrate residual cooling stresses
while compressive stress in the alumina matrix favors higher strength.
Keywords: Ceramics, mechanical properties, zirconia, alumina, residual stress

I. Introduction
The mechanical properties of alumina, which is frequent-

ly used as a structural ceramic due to its high hardness,
abrasion resistance and moderate price, can be significant-
ly enhanced with the addition of second phases. Among
these composite ceramics, ZTA (zirconia-toughened alu-
mina) is probably the most widespread material with ap-
plications ranging from mechanical engineering in e.g.
tribologically loaded machine elements or cutting tools
for machining of grey-cast iron 1, 2. Since 2003, a platelet-
reinforced zirconia-toughened alumina composite (Bio-
lox Delta®) has become the benchmark material in joint
replacement owing to its mechanical properties and high
ageing resistance 3, 4, 5. The reinforcing mechanisms in
ZTA are transformation toughening, microcracking and
crack deflection by residual stress fields 6. The first ZTA
materials exploited the redistribution of the crack ener-
gy by permanent microcracks which were introduced by
means of the addition of large unstabilized zirconia par-
ticles which retransform to monoclinic during cooling 7.
While this leads to high toughness, the strength suffers
considerably from a weakening of the microstructure.
ZTA materials with high strength can be obtained with zir-
conia dispersions that retain the tetragonal phase during
cooling from sintering temperature 8. This can be achieved
by either limiting the fraction of zirconia to approximate-
ly 10 %, thus forming a non-percolating dispersion or by
stabilizing the zirconia added in larger fractions with the
addition of yttria 8. These tetragonal particles in the wake
of a proceeding crack can be transformed to monoclin-
ic, which is associated with volume expansion and shear
leading to a reduction of the stress intensity at the crack
tip 9. In combination with transformation toughening,
microcracking can occur, which further helps dissipation
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of the crack energy. The transformability of the tetragonal
inclusions basically depends on their size, stabilizer con-
tent and location in the microstructure 10. Compared to
Y-TZP, the transformability of the zirconia is reduced by
the constraint of the alumina matrix, which has a higher
stiffness than zirconia. As in real ZTA materials, the zirco-
nia grain sizes have a certain size range. Some large grains
may retransform to monoclinic while the majority stays
tetragonal, the smallest grains remain untransformable
even under applied stress. The role of homogeneity re-
sulting from choice of starting powders and processing
has been highlighted by Gregori 11, they measured the
residual stresses in ZTA by means of piezo spectroscopy
depending on the variations in feedstock processing and
elaborated a calculation scheme for the hydrostatic residu-
al stress in the alumina matrix depending on the amount of
zirconia transformed. Systematic studies on the properties
of ZTA materials with variation of zirconia content and
stabilizer are relatively rare, most of the materials inves-
tigated up until now were either ZTA materials without
stabilizer 12 or ZTA materials with 3Y-TZP as a dispersion
which is untransformable and derives its toughness from
residual stress effects alone 13. A study was recently pub-
lished by Exare covering ZTA materials with a wide range
of stabilizer contents in the dispersion (from monoclinic
to cubic zirconia), however, with most compositions far
off the optimum for high-performance ZTA 14. In two
publications by Sommer, a 3 x 3 x 3 parameter matrix with
10, 17 and 24 % zirconia, 1 mol%, 1.5 mol% and 2 mol%
yttria and sintering times of 1 – 3 h at 1475 °C was covered.
It was shown that superior properties can only be reached
for very specific combinations of these parameters 15, 16.
The grid was, however, too coarse to see effects in the
vicinity of the optimum of mechanical properties which
was located at 17 vol% zirconia with 1 mol% yttria stabi-
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lizer. This study aims at clarifying the effects of stabilizer
content variation in the vicinity of the optimum detected
by Sommer with a sufficiently high resolution. Therefore,
a composition typical for biomedical grade ZTA with zir-
conia content at the percolation point was chosen and
the stabilizer content was varied between 0.6 mol% and
2 mol% in 0.2 mol% increments.

II. Materials and Methods
The starting powders for the present study are the same

as reported by Sommer. Submicron-size a-alumina APA
0.5 (Ceralox, USA) with a particle size of 300 nm and a
specific surface area of 8 m2/g. For the zirconia monoclin-
ic nanopowder TZ-0 (Tosoh, Japan) with a specific surface
area of 17 m2/g and a mean crystallite size of ∼ 30 nm 15 was
coated with 3 mol% yttria via the nitrate route. The exact
procedure for that is reported elsewhere 17. The different
stabilizer concentrations of 0.6 – 2 mol% were produced
from this stabilizer-coated 3Y-TZP and plain TZ-0 by
blending. Batches of 150 g of the commensurate amounts
of the three powders were attrition-milled in 2-propanol
using 3Y-TZP milling balls of 2 mm in diameter for 2 h.
E.g. the 17ZTA1Y was made by blending 114.2 g alumi-
na, 23.9 g unstabilized TZ-0 and 11.9 g stabilizer-coated
3Y-TZP. The resulting slurry was then dried at 85 °C
overnight and screened through a 100-μm mesh to ob-
tain the ready-to-press powder. Sample denomination is
given by the stabilizer content (e.g. 17ZTA0.6Y = ZTA
with 17 vol% zirconia stabilized with 0.6 mol% yttria).
Samples were consolidated at 1475 °C and 40 MPa axi-
al pressure by hot-pressing in vacuum in boron-nitride-
clad graphite dies measuring 45 mm in diameter (FCT
Anlagenbau, Germany). Two samples of 2 mm in thick-
ness were produced from each composition. After cool-
ing down with the heater switched off, the samples were
manually ground to remove the surrounding grit and then
lapped with 15-μm diamond suspension and subsequent-
ly polished with 15-μm, 6-μm and 1-μm suspension for
30 min (Struers Rotopol, Denmark). The resulting disks
were then cut into bars of 4 mm width using a diamond
wheel (Struers Accutom 50, Denmark). The sides were
then lapped with 15-μm diamond dispersion to remove
cutting groves, the edges were beveled manually with a 40-
μm diamond disk. The characterization of the samples in-
cluded the measurement of the sintered density with the
buoyancy method, determination of the Young’s modu-
lus with the resonance method (IMCE, Belgium), Vickers
hardness HV10 was measured by applying a load of 98.1 N
for 10 s (Bareiss, Germany). Bending strength was mea-
sured by means of four-point measurement with a 20 mm
outer and 10 mm inner span on a minimum of ten samples
each measuring 3.5 x 2 x 25 mm3 at a crosshead speed of
0.5 mm/min. Fracture resistance was determined based on
direct crack length measurement (DCM) on five HV10 in-
dents each, applying the Evans’ calculation model as well
as by indentation strength in a bending (ISB) test 18, 19. For
the ISB test, four test bars each were indented with a HV10
indent in the middle of the tensile side with the cracks par-
allel and perpendicular to the sides. The residual strength
was then measured immediately at a crosshead speed of
2.5 mm/min in the same 4pt setup (Zwick, Germany).

The phase composition of the samples was determined by
means of XRD. Polished samples (an entire polished disk
of 45 mm diameter) and fracture faces of samples broken in
the ISB test (4 – 5 fragments aligned in the sample holder)
were inspected with a diffractometer in a Bragg-Brentano
setup using Cu Ka radiation with a graphite monochroma-
tor (Bruker D8, Germany). For the quantification of the
phase composition of the zirconia intensities of the char-
acteristic monoclinic (-111) and (111) and tetragonal (101),
reflections in the 2 theta range of 27 – 33 °C range were
determined and the phase composition calculated using
the calibration curve of Toraya 20. The depth of the trans-
formation zones and the transformation toughness incre-
ment was calculated from XRD data according to Kosmac
and McMeeking 21, 22. The residual stress distribution was
calculated analytically according to Gregori 11. The mi-
crostructure of polished, thermally etched and Pd-coat-
ed surfaces of all samples was studied with in-lens SEM
(Zeiss Gemini, Germany) using a low acceleration voltage
of 3 kV.

III. Results

(1) Microstructure
All samples studied are basically fully dense and show an

identical microstructural architecture. Zirconia grains of
400 – 500 nm size are distributed homogeneously within
the alumina matrix, which has a grain size of approximate-
ly 1 μm (Fig. 1). Zirconia grains are located predominantly
at the grain boundaries; some smaller globular inclusions
of zirconia can also be found inside larger alumina grains.

Fig. 1 : Microstructure of 17ZTA1.0Y, SEM image.

One decisive difference is the predominant presence of
monoclinic grains in the materials with a low stabiliz-
er content (0.6 – 0.8 mol%). Monoclinic domains in zir-
conia can be identified by the self-accommodating twin-
like orientation of transformed domains. The transforma-
tion strain leads to visible gaps, indicating a weakening
of grain boundaries (Fig. 2). Surfaces in 17ZTA0.6Y are
difficult to polish because grains or even grain assemblies
tend to break out of the microstructure. At higher sta-
bilizer contents > 1.2 mol%, monoclinic domains can no
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longer be detected in the microstructure with SEM. At
high stabilizer contents, the monoclinic grains no longer
appear as individuals but as agglomerate clusters of ultra-
fine (100 – 200 nm) grains (not shown).

Fig. 2 : Detail of the microstructure of 17ZTA0.6Y featuring mon-
oclinic domains and weak grain boundaries as a result of transfor-
mation strain, SEM image.

(2) Phase composition and residual stress
Fig. 3 shows the monoclinic content in the polished sur-

faces (Vm,polished), the monoclinic content in the frac-
ture faces (Vm,fractured) and the resulting transformabili-
ty Vf of 17ZTA materials depending on stabilizer content.
In good accord with SEM images, phase composition in
polished surfaces measured by means of XRD first show
a slow increase in the monoclinic fraction of zirconia with
decreasing stabilizer content from 0 vol% in 17ZTA2.0Y
to 8 vol% in 17ZTA1.2Y. Then monoclinic content rises
exponentially, passing 20 % in 17ZTA1.0Y and 48 % in
17ZTA0.8Y to 56 % at the lowest stabilizer concentration.
The transformability Vf defined as the difference between
monoclinic content in fracture face and polished surface is
negligible at stabilizer contents ≥ 1.6 mol%. Between 0.8
and 1.4 mol% a flat plateau region is formed where Vf =
8 – 10 vol%, the transformability in 17ZTA0.6Y is zero.

It should be pointed out that zirconia phase composi-
tions in machined surfaces may differ strongly under the
influence of machining-induced process zones. Care was
therefore taken to avoid any grinding processes and to re-
producibly machine the surfaces by lapping and polishing
under standardized, prolonged and gentle conditions with
an automatic machine.

Fig. 4 shows the transformation zone size h determined
according to Kosmac, the calculated transformation
toughness increment according to McMeeking assum-
ing a transformation efficiency of 0.27 (predominantly
dilatoric) and the calculated hydrostatic residual stress
according to Gregori 21, 22, 23, 11. Assuming a maximum
transformability of 70 % in the materials the, transforma-
tion depth in the ZTA materials calculated according to
Kosmac is ∼ 2 μm for 1.0 – 1.4 Y, < 0.3 μm for higher sta-
bilizer contents and reaches a maximum value of ∼ 2.7 μm
in 17ZTA0.8Y. The level of 70 % was not chosen on the
basis of phase composition, we can assume that all com-

positions should be located in the limits of the tetragonal
field at sintering temperature, but on the basis of the co-
incidence of maximum transformability level in polished
and fractured samples in case of 17ZTA0.6Y. As Heuer has
shown the ultrafine fraction of tetragonal grains as well as
the intracrystalline zirconia remain untransformable even
under stress and should, from the authors’ understanding,
be excluded from the balance 10.

Fig. 3 : Monoclinic contents in the polished surfaces Vm, polished,
the fracture faces Vm, polished and the resulting transformability
Vf, in 17ZTA materials depending on stabilizer content.

Fig. 4 : Transformation zone size h, calculated transformation
toughness increment KIC

T and the calculated hydrostatic resid-
ual stress in the alumina matrix depending on stabilizer content in
17ZTA.

The corresponding transformation toughness increment
ΔKIC

T calculated according to McMeeking is negligi-
ble above 1.6 mol%. Transformation toughness forms a
plateau at ∼ 0.15 MPa√m at 1 – 1.4Y and a maximum of
0.2 MPa√m in 17ZTA0.8Y.

Evidently transformation toughness is not the govern-
ing factor for the increase in fracture resistance. The cal-
culation of residual stress according to Gregori shows that
17ZTA1.0Y is perfectly stress neutral, in all compositions
with higher stabilizer contents the alumina matrix is under
compressive stress and vice versa.
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(3) Mechanical properties
Density and Young’s modulus of ZTA materials

are shown in Fig. 5. As we may expect a density of
∼ 4.33 g/cm3 from the rule of mixture, all materials
can be considered fully dense. The drop in density at
0.6 – 0.8 mol% yttria is probably related to the higher
monoclinic content in these samples. Young’s modulus
reaches the value expected according to the rule of mix-
ture (∼ 355 GPa) and shows no statistically significant
fluctuation with stabilizer content.

Hardness HV 10 and 4-pt bending strength r4pt of the
ZTA composites is shown in Fig. 5. For both, a flat max-
imum in the intermediate stabilizer content range is ob-
served. From 17ZTA0.6Y to 17ZTA1Y the hardness in-
creases considerably from 1760 to 1860, standard devia-
tions of hardness are relatively high in this range (40 – 55).
In the intermediate and high stabilizer concentration
range the hardness stays relatively constant at a level of
1820 – 1900 with standard deviations varying between
20 – 35. The strength of the materials shows a peak val-
ue of 940 MPa in 17ZTA1.4Y, strength is relatively stable
at a level of > 900 MPa between 1 – 1.6 mol% yttria and
declines at higher and lower stabilizer contents. While
strength declines linearly with higher stabilizer contents,
it drops rather abruptly with reduction of the stabilizer
content below 1 mol%. The lowest strength is observed
for 17ZTA0.6Y with 600 MPa. This is probably related to
the microcracks induced by the excessively high mono-
clinic content which represent structural flaws (see Fig. 2).

Fig. 5 : Density and Young’s modulus of 17ZTA materials depend-
ing on stabilizer content.

Fig. 6 shows the fracture resistance values obtained with
direct crack length measurement KDCM and the fracture
resistance determined with the residual strength method
KISB. Both basically show a similar trend. The fracture
resistance of the materials measured with the residual
strength method ISB shows a moderate increase from
4 MPa√m to 4.6 MPa√m with reduction of the stabilizer
content from 2 mol% to 1.2 mol%. Then toughness rises
significantly to a peak value of 7.1 MPa√m at 0.8 mol%.
Further reduction of stabilizer leads to a drastic decline
to 5.2 MPa√m in 17ZTA0.6Y. The maximum toughness
determined with the DCM method is found in 17ZTA1Y,
KDCM = 7.5 MPa√m. As Quinn has shown that DCM val-

ues should – if used at all – be interpreted cautiously, this
slight shift should not be overstressed 24.

Fig. 6 : Vickers hardness HV10 and bending strength r4pt of 17ZTA
materials depending on stabilizer content.

IV. Discussion
The results presented above show that the properties of

17ZTA materials (similar in composition as currently used
for biomedical implants) exhibit strong parametric sensi-
tivity in respect of stabilizer concentration. Thus obtain-
ing a material of both high strength and fracture resistance
is only possible in a very narrow compositional range.
While strength is high between 1 – 1.6 mol%, fracture re-
sistance KISB shows a clear maximum in 17 ZTA0.8Y,
which is out of the range of maximum strength. The slight
shift in the toughness maximum for KDCM to higher stabi-
lizer content may be related to the differences in R-curve
behavior of the materials. The DCM value measured in
non-extended cracks is probably closer to KIO. As dur-
ing measurement of the KISB value, cracks are extended
beyond their original length during fracturing of the sam-
ple, the ISB probably better represents the rear part of the
R-curve. It is still necessary to be aware of the limitations
of the two testing methods. Both the ISB and DCM test
start from the identical flaw geometries and residual stress
fields; in ISB testing the crack is extended out of its original
size by means of applied stress, thus the residual stress ef-
fect is probably less pronounced in the case of ISB. DCM
is more sensitive to preparation influence, therefore grind-
ing operations that can produce deep process zones were
avoided. With regard to the moderate transformability of
the materials, real “trapping” of cracks by transformation
zones is not expected. It should be pointed out that both
methods, DCM and ISB, were originally designed and cal-
ibrated to materials with toughness values ranging from
1 – 10 MPa√m (from cemented carbide to WC-Co) with
the majority of standards in the range 3 – 5 MPa√m. Both
methods assume median crack geometry. Towards high-
er toughness values and decreasing c/a ratio, a Palmqvist
type crack geometry may prevail (the range of data was
c/a: 1.94 – 2.85). Evaluation of DCM data using the Ni-
ihara Palmqvist model 26 shows identical trends at an even
higher toughness level (not shown). According to the test
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by Quinn carried out against SEVNB 25, the Niihara Mod-
el presumably leads to overestimated toughness values. In-
version of the ratio between ISB (higher at 17ZTA0.6Y and
DCM higher for 17ZTA(>1.0Y) hints at contribution by
different toughening mechanisms. In the microcracking
regime DCM may underestimate toughness as the tough-
ening effect becomes efficient only at larger process zones,
even more so as the grain size of the material is low. Su-
perimposed transformation and residual cooling stress to-
gether with the residual stress of the indentation as such
puts the crack under compression right from the start, so
that DCM may overestimate the toughness for overstabi-
lized compositions.

Fig. 7 : Fracture resistance KISB and KDCM,Evans of 17ZTA materi-
als depending on stabilizer content.

Fig. 8 shows fracture resistance and strength depending
on hydrostatic residual stress in the matrix. This plot can
be interpreted as a “master curve” for ZTA development.

Fig. 8 : Bending strength r4pt and fracture resistance KISB of 17ZTA
materials depending on the hydrostatic residual stress in the alumina
matrix..

Residual stress seems to be the dominant parameter that
governs the mechanical properties of ZTA. Residual stress
directly influences the formation of microcracks. Microc-
racks are preferentially formed if the matrix is under ten-
sion and the dispersion under compression. As shown in
Fig. 2 this leads to formation of weak grain boundaries

and microcracks into the matrix material. These microc-
racks redistribute the crack energy over a larger volume
and thus increase fracture resistance. Still a matrix under
tension means a reduction of fracture resistance by crack
deflection, this partially offsets the beneficial effect of mi-
crocracking 25. A matrix under compression shows no mi-
crocracking at all, however, positive toughness increment
based on crack deflection and little or no transformation
toughening. In the range between the maxima of strength
and toughness there is some synergy between the three
effects. Some microcracking does occur either by exist-
ing microcracks or by microcracks that form as a conse-
quence of stress-induced phase transformation, a moder-
ate but significant contribution by transformation tough-
ening is beneficial for toughness and strength and there
is a moderate absolute value of crack-deflection-derived
toughness – either positive on the compressive side or neg-
ative on the tensile side. The best combination of mechani-
cal properties is achieved at in 17ZTA1.0Y with a strength
of 940 MPa and a KISB of 6 MPa√m. Interestingly this is
more or less the property combination found in the ma-
terial of the commercially available material 4. However,
compared to the material prepared in this study, a consid-
erably higher strength of 1.3 – 1.4 GPa is offered, which is
an indication of an elaborate manufacturing procedure de-
signed to minimize structural flaws. Attempts to further
maximize fracture resistance and damage tolerance must
result in loss of strength. Increasing the monoclinic con-
tent above the level for stress neutrality (∼ 20 % mono-
clinic) in the matrix bears the inherent risk of low-tem-
perature degradation derived from facilitated penetration
of liquids into the bulk via the microcrack network and
pronounced subcritical crack growth by the microcracks
introduced by understabilization. Variation of other pro-
cessing parameters such as dwell time at final temperature
or change of sintering temperature which were not varied
in this study will most probably also strongly affect the
mechanical properties of 17ZTA materials; even more so
changes in the type of starting powder used. Coarser zir-
conia starting powders, higher sintering temperatures and
longer dwell will increase the transformability of the zir-
conia making a higher stabilizer content necessary to equi-
librate residual stress. A reduction of the zirconia grain
size either with finer starting powders or milder sinter-
ing conditions will lead to lower transformability, which
can partially be compensated by lower stabilizer but may
lead to a situation where the transformation is completely
blocked, which would result in strong and ageing-resistant
but brittle materials.

V. Conclusions
Zirconia-toughened alumina materials with a zirconia

content of 17 vol% and various yttria stabilizer contents
ranging from under- to overstabilized were manufac-
tured by means of hot pressing. Materials were fully dense
and their mechanical properties would fulfill the require-
ments of the current standard for endoprosthetic ZTA
(ISO 6774 – 2). Results show the existence of two non-
coinciding maxima for strength and toughness. With ap-
propriate selection of the compositional and processing
parameters, materials can be produced that are tailored for
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different applications requiring high toughness for single
catastrophic events or high strength and moderate fracture
resistance for statically or repeatedly loaded components.
More research will be required to include the influence
of other compositional or processing parameters into a
model, enabling knowledge-based development of ZTA
materials with tailored properties.
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