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Abstract
Dense-sintered ceramic bodies of 3Y-TZP and ATZ (90 % ZrO2-10 %Al2O3) composite ceramic were prepared from

commercial powders by means of slip casting, sintering and hot isostatic pressing. The powders were processed in an
optimized milling procedure. The properties of the milled particles were determined with diffusive light scattering,
Rietveld refinement, BET and SEM. The enhanced sintering activity allows a decrease in the sintering temperature by
more than 100 K. After hot isostatic pressing, samples with a grain size of ≈ 150 nm were obtained. These nanostruc-
tured ceramics are not affected by low-temperature degradation in hydrothermal atmosphere at 134 °C. No signifi-
cant difference in fracture toughness between coarse-grained Y-TZP and nanostructured ceramics was observed. The
bending strength of nanostructured Y-TZP is slightly reduced compared with coarse-grained Y-TZP. The prepared
ATZ ceramic exhibits a bending strength of about 1700 MPa and a Weibull parameter of 14.
Keywords: Zirconia, Y-TZP, ATZ, ceramic composite, nanostructured ceramics, low-temperature degradation, stirred media mill

I. Introduction
During the last three decades, yttria-stabilized tetrago-

nal zirconia polycrystal (Y-TZP) has been developed to a
state-of-the-art ceramic material in many applications like
mechanical engineering and chemical equipment. Since the
late 1980s, Y-TZP has become more and more attractive
as a bioceramic used for artificial hip and knee joints 1 – 5.
The St Gobain/Desmarquest scandal in 2001 with many
revision operations owing to failed Y-TZP hip joint heads
has damaged the good reputation of TZP as a bioceramic 6.
Recently, the upcoming dental market discovered Y-TZP
as a promising material for dental implants, crowns and
bridges 7.

The high fracture toughness and strength are associat-
ed with the stress-induced phase transformation of the
metastable tetragonal phase into the stable monoclinic
phase. The increase of the specific volume during the t-
m phase transformation leads to compressive stress at the
crack tip and counteracts crack propagation. This trans-
formation toughening is described extensively in the liter-
ature 8 – 10. The fracture toughness and bending strength of
Y-TZP can reach 7 MPam1/2 and 1200 MPa respectively.

Unfortunately, the phase transformation also occurs
in the presence of water at elevated temperature. Such
a hydrothermal atmosphere is, among other conditions,
present in the body environment. This low-temperature
degradation (LTD) leads to a decay of the surface proper-
ties like hardness and roughness. If there is sliding contact
between Y-TZP parts, the LTD isaccompanied by a large
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amount of wear debris 11. This may lead to aseptic loosen-
ing of the implant.

There are many models describing LTD 12 – 16. In fact, we
know a lot about the influencing factors and the sequence
of LTD, but a fundamental description of the mechanism
including all key parameters is still pending 17.

In general, LTD can be avoided by reducing the grain
size below a critical value 18 and with a homogenous yt-
tria distribution 19 assuming that the ceramic has at least
99 % of the theoretical density. These requirements can
be achieved by using sufficient fine powders and low
sintering temperatures 20. Some groups worldwide have
succeeded in the manufacturing of dense nanostructured
3Y-TZP ceramics from nanopowders 21 – 23. The nano
3Y-TZP prepared by Binner et al. exhibits a grain size in
the range of 90 to 130 nm and shows excellent aging re-
sistance up to 250 °C and 336 h 24. However, the use of
nanopowders represents a high cost factor for the produc-
tion of structural ceramics.

An alternative way to produce nanostructured ceramics
involves the deagglomeration and comminution of sub-
micron powder. Comminution in stirred media mills is
a common powder processing technology in the ceram-
ic industry, because the process parameters can be scaled
up from laboratory mills to an industrial standard 25. The
high energy density in the grinding chamber enables the
comminution of commercial submicron powder to small
particle sizes with narrow particle size distributions 26, 27.
Houivet et al. 28 described the fine grinding of oxide pow-
ders based on control of the viscosity and stability of the
slurry with adaption of the pH value. The effectiveness of
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stirred media mills with small grinding beads (< 100 lm)
for the preparation of nanostructured zirconia ceramics
is highlighted by Su°rez et al. 29, 30. All these grinding ex-
periments were conducted with low-concentrated slurries
(< 20 wt%), leading to comparatively poor green densities,
so that high sintering temperatures were needed to achieve
dense ceramic bodies.

The present work describes the influence of the grind-
ing bead diameter on the particle size distribution in highly
concentrated slurries of Y-TZP and Y-TZP-Al2O3 disper-
sions. Although Kern and Gadow 31, 32 have shown that
alternative stabilizers may enhance the mechanical prop-
erties and aging resistance, yttria-stabilized zirconia cur-
rently has the most commercial relevance. The use of com-
mercial powders combined with a high throughput and
short sintering duration promise great relevancy for in-
dustrial implementation of this technique. The structural
changes of the powder during grinding are characterized
and discussed. Furthermore, the sintering behavior and
the microstructual features of the sintered 3Y-TZP and
3Y-TZP/Al2O3 ceramics are studied. Finally, the mechan-
ical properties like hardness, strength and toughness as
well as the hydrothermal aging resistance of the ceramics
are tested.

II. Experimental
For the preparation of the sintered ceramic bodies a com-

mercial zirconia powder (TZ3Y-SE, Tosoh Ltd., Japan)
and high-purity alumina (TM-DAR, Taimei Chemicals,
Japan) were used. A primary particle size of 70 nm for the
TZ3Y-SE and 100 nm for the TM-DAR was specified by
the manufacturers. Sample groups Z-1 and Z-2 are made
of 100 % 3Y-TZP. The sample group ZA-10 consists of
90 wt% 3Y-TZP and 10 wt% Al2O3.

The powders were dispersed in water up to 65 wt% while
the viscosity was adjusted to 20 mPas at a shear rate of
200 s-1 using 0.4 wt% ammonium polyacrylate (Zschim-
mer and Schwarz, Germany) relative to the solid content
in the slurry. The slurry was milled for 120 min in a lab-
oratory stirred media mill (Mini Cer, Netzsch FMT, Ger-
many) with 3Y-TZP grinding beads. The grinding beads
filled 80 % of the grinding chamber and the optimum tip
speed of the stirrer was adjusted to 11 m/s. The grinding
beads had a diameter of 500 lm for processing the Z-1 sam-
ples and 100 lm for the samples Z-2 and ZA-10. The pH
value of the slurries varied between 9 and 10.

The particle size distribution in the slurries was measured
with an Ultrafine Particle Analyzer (UPA, Microtrac,
USA). After grinding, a small portion of the slurry was
dried and the powder was investigated with SEM (Zeiss
Ultra 55+; Carl Zeiss NTS Germany), BET (ASAP 2020,
Micrometrics, Germany) and XRD (D8 Advance, Bruker,
Germany). The quantitative phase analysis was performed
with Rietveld refinement (AutoQuan, GE-Sensing Tech-
nology, Ahrensburg, Germany). The parameter setting
used in the Rietveld analysis is described elsewhere 33.
BET measurements were conducted to determine the spe-
cific surface area and the equivalent particle diameter dBET
in accordance with Eq. 1. This value is comparable to the
primary particle size of the powder.

The samples were shaped into plates with dimensions of
30 x 20 x 3 mm by means of slip casting and sintered at vari-
ous temperatures in the range of 1200 °C and 1450 °C with
heating and cooling rates of 3 K/minute. A dwell time of
one hour was applied. Samples with at least 95 % theoret-
ical density were subjected to hot isostatic pressing (HIP)
for 2 h. The HIP-temperatures were equal to the particu-
lar sintering temperatures, applying a Ar-gas pressure of
14 MPa. The densities of the samples after HIP were de-
termined with the Archimedes method. The phase com-
position and the microstructure of the dense ceramic bod-
ies were investigated with XRD and SEM respectively. A
detailed account of the results of the sintering and HIP ex-
periments can be found in section III.

After HIP the samples were polished, reaching a rough-
ness Ra of 8 nm for 3Y-TZP and 16 nm for the ATZ
samples. The microstructure was investigated with SEM
and the grain size was determined with the line inter-
cept method as prescribed in EN 623 – 3. The samples
were hydrothermally aged in an autoclave (Wolf-Sano-
clav, Germany) at 134 °C and 2 bars for 192 h in water
vapor. The phase composition of the aged samples was an-
alyzed by means of XRD and Rietveld refinement and the
microstructure was investigated with SEM. The 4-point
bending strength and the Weibull statistics were deter-
mined on small size bars with dimensions of 2 x 2.5 x
25 mm in accordance with EN 843 – 1 and EN 843 – 5 re-
spectively. The microhardness HV0.1 and HV10 with nor-
mal loads of 0.98 N and 98 N respectively was measured on
the polished surfaces, applying the procedure described
in EN 843 – 4. Furthermore, the fracture toughness was
tested with both single-edge V-notch beams (SEVNB)
according to CEN/TS 14425 – 5 and direct crack length
measurement after a HV10 indentation (IF-method). The
notch was cut in the sintered bars with a razor blade and
diamond paste was used as the grinding medium. An aver-
age notch root width of 4 lm was achieved. The calculation
of KIC deduced from the IF-method was performed using
the equations of Niihara 34 (Eq. 2) and Anstis 35 (Eq. 3),
where E is the Young’s modulus, ø a geometrical factor
assuming ≈ 3, H the Vickers hardness, c the crack length, a
the diagonal length of the indentation and P the indenta-
tion load. Young’s modulus for Z-1 and Z-2 was assumed
to be 210 GPa and for the ZA-10 sample 232 GPa was
calculated by the rule of mixture.

dBET =
6

s · p (1)

KIC(Niihara) = 0,048 Ha0,5
(

E�
H

)0,4 (c
a

)-0,5
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KIC(Anstis) = 0,014 Ha0,5
(

E
H

)0,5 (
P

c1,5

)
(3)

For evaluating the transformability of the tetragonal
phase, the monoclinic phase fraction on the fractured sur-
face of the SEVNB bars was determined with position-
sensitive XRD
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III. Results and Discussions

(1) Grinding and dispersing
Fig. 1 shows the d50 and the d95 value of the particle

size distribution after grinding. Samples Z-2 and ZA-10
exhibit a smaller particle size and a narrower particle size
distribution in the slurry.

The optimized grinding with small grinding beads leads
to a decrease in the d50 value and a minimization of the
d95 value. The d95 is an indicator of the number of broken
aggregates and agglomerates. Fig. 2 visualizes that the most
of agglomerates and aggregates broke up during grinding
into primary particles with a diameter of approximately
100 nm. Some remaining aggregates up to 400 nm explain
the d50 and d95 values measured with UPA.

The grinding process entails a rise in monoclinic phase,
owing to stress-induced phase transformation of the
tetragonal phase. The transformation energy consumes
grinding energy and therefore leads to a reduction in
grinding efficiency. The tetragonal crystallite size is de-
creased after grinding, which is apparent at the peak broad-
ening in the X-ray scattering patterns in Fig. 3. The fol-
lowing characterization of structural changes as a result of
grinding is only exemplified on the TZ3Y-SE powders of
the charge Z-2 and is given in Table 1.

By means of the Rietveld refinement, the contents, the
crystallite sizes and the microstrains of the tetragonal and
monoclinic phase were calculated. The residuals of the
phase contents up to 100 % are small amounts of the cu-
bic phase. BET measurements indicate the increase of the
specific surface area and the decrease of the equivalent par-
ticle diameter during grinding.

The decrease in the tetragonal crystallite size is not on-
ly an effect of particle comminution but rather an effect
of stress-induced phase transformation. Thereby parts of
the tetragonal crystallites transform into the monoclinic
phase separating the tetragonal crystallites within a pri-
mary particle. Therefore, the primary particle size is not
affected during short grinding periods. The crystallite size
of the monoclinic phase is almost unchanged during grind-
ing. The calculation of the microstrain of the tetragonal
phase after grinding gave an error because all peak broad-
ening parts including faults were put in the size parameter.
Hence, the tetragonal crystallite size may be under-deter-
mined. The microstrain of the monoclinic phase was al-
ways higher than that of the tetragonal phase, because of
lattice distortion during transformation.

Fig. 1: Particle sizes d50 und d95 in the slurry measured after grind-
ing.

Fig. 2: SEM micrograph of the zirconia powder before and after
grinding.

Table 1: Results from Rietveld refinement and BET measurements of the raw material and powder Z-2 after grinding.

Sample Phase Content
[wt-%]

XRD crystallite size
[nm]

Microstrain
[%]

BET
[m2/g]

dBET
[nm]

TZ3Y-SE tetragonal
monoclinic

72.7 ± 1.0
25.2 ± 0.8

52 ± 4
30 ± 4

0.2 ± 0.02
0.5 ± 0.07 6.5 ± 0.04 150

Z-2 tetragonal
monoclinic

55.7 ± 1.5
43.0 ± 1.1

19 ± 1
25 ± 3

-
0.6 ± 0.08 10.3 ± 0.05 100
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The particle size obtained from BET measurements show
a decrease in the primary particle size from 150 nm to
100 nm. These are the primary particles visible in Fig. 2.

(2) Molding and sintering
The slip-cast and dried green bodies achieved a density of

62 % of the theoretical density. The properties of the cast-
ings depend on many factors such as viscosity, dispersant
content, solid content in the slurry, particle size distribu-
tion, properties of the mold material, temperature, etc. 36.
In principle, the sintering activity increases with decreas-
ing particle size in the slurry and increasing homogeneity
of the particle arrangement during cast formation 37.

Fig. 3: XRD patterns and SEM micrographs of the zirconia powder
TZ3Y-SE before grinding (A) and Z-2 after grinding (B); blue
points: measured intensities; green line: whole pattern fitting curve.

In Fig. 4 the sintering density is plotted against the sin-
tering temperature. The sintering activity of Z-2 and ZA-
10 is much higher than that of Z-1 and therefore the de-
sired densities are achieved at much lower temperatures.
Finally, the samples were sintered and HIPed at 1450 °C
(Z-1), 1250 °C (Z-2) and 1300 °C (ZA-10). The HIP pro-
cess ensures that the remaining closed porosity after sinter-
ing will vanish without increasing the temperature. After

HIP the relative densities of the sintered bodies reached
at least 99.5 % of the theoretical density of 6.1 g/cm3 for
3Y-TZP and 5.79 g/cm3 for ATZ respectively. The theo-
retical densities were calculated by means of Rietveld re-
finement with provision for the chemical composition and
the phase content of the as-fired samples.

Fig. 4: Sintering curves of the slip-cast bodies, the arrows indicate
the density after the HIP step.

The SEM micrographs in Fig. 5 demonstrate the effect of
the low sintering temperature in respect of the grain size.
The grain sizes determined from the SEM micrographs are
340 ± 30 nm for Z-1, 150 ± 30 nm for Z-2 and 143 ± 40 nm
for ZA-10. Some large grains are visible in the fine-grained
microstructure as of result of residual agglomerates. There
is a relation between the grain sizes of the dense-sintered
ceramics and the d95 particle sizes in the slurry shown in
Fig. 1. Therefore, the particle size distribution in the slurry
is assumed to be a key parameter in avoiding undesired
grain growth.

The phase composition and crystallite sizes of the dense-
sintered bodies are presented in Table 2. No evidence of
monoclinic phase is shown. The cubic phase content in-
creases with the increasing sintering and HIP temperature,
which can also be derived from the equilibrium composi-
tion in the phase diagram 38. Alumina has a restraining ef-
fect on the formation of cubic phase. The crystallite size
correlates with the measured grain size. The cubic crystal-
lites are very small and it is not supposed that these form
single cubic grains. Instead, cubic phase is considered to
be small areas located on the grain boundaries where yttria
tends to segregate. Further, it can be stated that the addi-
tion of 10 wt% alumina has a beneficial effect on the grain
size and the crystallite size of the tetragonal phase in Y-TZP

and impedes the formation of cubic phase.

(3) Mechanical properties

An additional stabilization of the tetragonal phase ow-
ing to small grain size may also affect the strength and
toughness of the nanostructured ceramics. The mechani-
cal properties of the 3Y-TZP and ATZ specimens are giv-
en in Table 3.
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Table 2: Phase composition and phase crystallite sizes dXRD of the dense ceramic bodies, the error is defined as the 3-fold
standard deviation given by the Rietveld program.

Z-1 Z-2 ZA-10

Phase wt% dxrd [nm] wt% dxrd [nm] wt% dxrd [nm]

ZrO2 tetragonal 75.9 ± 1.6 280 ±45 83.2 ± 1,8 154 ± 18 77.6 ± 1.7 108 ± 10

ZrO2 cubic 23.5 ± 1.6 22 ± 2 15.7 ± 1.9 11 ± 1 11.7 ± 1.7 12 ± 2

ZrO2 monoclinic 0.0 0.3 ± 0.2 0.3 ± 0,2

Zr3Y4O12 0.6 ± 0.3 0.9 ± 0.3 1.0 ±0.3

Y2O3 0.0 0.0 0.0

Al2O3 9.4 ± 0.5 80 ± 10

Table 3: Mechanical properties of 3Y-TZP and ATZ ceramics after HIP.

Z-1 Z-2 ZA-10

Bending Strength MPa 1300 ± 100 1100 ± 170 1700 ± 100

Weibull Modulus m - 13 9 14

Microhardness HV0.1 GPa 14.3 ± 0.7 20.4 ± 0.9 18.9 ± 2.0

Macrohardness HV10 GPa 13.28 ± 0.05 14.00 ± 0.03 15.28 ± 0.07

Fracture Toughness (SEVNB) MPa m1/2 8.8 ± 0.3 10.3 ± 0.6 9.1 ± 0.7

Fracture Toughness (Anstis) MPa m1/2 3.4 3.6 3.6

Fracture Toughness (Niihara) MPa m1/2 4.6 4.8 4.7

Transformability
(m-ZrO2 on the fracture surface)

wt-% 10.5 2.5 2.9

As expected, the strength of Z-2 is slightly reduced in
comparison to sample Z-1, possibly because of an excess
stabilization of the tetragonal phase. This agrees exact-
ly with the results of Binner et al. 24, who overcome this
problem by reducing the stabilizer content of the Y-TZP
nanoceramics. Consequently, a correlation between aging
resistance and strength based on grain size and stabilizer
content is assumed and this will be the subject of further
research.

In the present work, a small addition of alumina (ZA-10)

leads to strength of 1700 MPa by a Weibull parameter of
14. A possible explanation of this behavior is that the ther-
mal mismatch of zirconia and alumina creates local tensile
stresses in the zirconia matrix next to the alumina grains
during cooling. This may enhance the driving force for the
martensitic phase transformation in the zirconia matrix.

A significant increase of the microhardness of about
40 % could be observed in the nanostructured sample
Z-2 in comparison to the coarser-grained sample Z-1.
HV10 measurements yield only slightly changed hard-
ness values. The hardness of the Y-TZP ceramics shows a
considerable influence of the grain size, which is known
principally from the literature 39. Furthermore, micro-
hardness measurements are more sensitive to changes in
the grain size than macrohardness measurements 40. The
large increase in microhardness raises expectations of im-
proved wear resistance of the fine-grained compared to
conventional 3Y-TZP.

The fracture toughness values of the ceramics deter-
mined by means of different methods are compared in
Table 3. The absolute values differ widely between the
test methods; however, the relative comparison of the
samples gives consistent results. No decrease in fracture
toughness is observed for the nanostructured 3Y-TZP.
The KIC value of 3.6 MPam0.5 for sample Z-2 is compa-
rable to the nanostructured 3Y-TZP published by Paul
et al. 41 (3.6 MPam0.5). The difference between the two IF
methods has a numerical reason. Anstis’ method consid-
ers median cracks whereas Niihara takes Palmqvist cracks
into account. Although, the IF method has been heav-
ily criticized recently 42, the SEVNB method presents
considerable difficulties too 43. The notch root diameter
exceeds the grain size by more than one magnitude 44.
Furthermore, phase transformations on the notch root in-
duced during grinding may affect the exact measurement
of KIC. To avoid such uncertainties, the samples could be
notched in the green state or an annealing step could be
added after notching 45.

Based on the small grain size, a higher stability of the
tetragonal phase and hence a lower toughness because
of constrained transformability may be expected 46. The
transformability is characterized by the amount of mono-
clinic phase on the fracture surface after SEVNB testing.
The monoclinic phase content drops markedly down to
2.5 % when the grain size is reduced. It cannot be assumed
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that such tiny transformation zones provide a noticeable
contribution to fracture toughness. These unexpected re-
sults and the fact that the high fracture toughness of the
fine-grained ceramic is not transformation-controlled call
for further studies of the toughening mechanism of these
materials.

Fig. 5: FESEM micrographs of the sintered specimens; bright grains:
zirconia; dark grains: alumina.

(4) Hydrothermal aging behavior
The low-temperature aging behavior was investigated in

accelerated aging tests in an autoclave at a temperature
of 134 °C and 2 bar water vapor pressure. In Fig. 6, the
monoclinic phase content is shown as a function of the
aging time.

Sample Z-1 exhibits a rapid increase in the monoclinic
phase content in just a few hours in the aging environ-
ment. Compared to other coarse-grained 3Y-TZP, the ag-
ing resistance of sample Z-1 is not bad and fulfills the re-
quirements of ISO 13356 (zirconia implants for surgery).
The transformation rate lies somewhere between commer-
cial 3Y-TZP and ATZ (80 % ZrO2/20 % Al2O3) 11. The
samples Z-2 and ZA-10 are not subjected to low-tem-
perature degradation even after 192 h in the hydrother-
mal environment. The aging resistance of Z-2 and ZA-10
is mainly based on their small grain size. Consequently,
there is an increase in grain boundary energy and a de-
crease in local stress states at the grain edges and corners.
Moreover, the low sintering temperature leads to a homo-
geneous stabilizer distribution. These thermodynamical-
ly contributions stabilize the tetragonal phase and prevent
the martensitic phase transformation at least at 134 °C.
Although other authors have tested their TZP materials
at temperatures above 200 °C, it could be assumed that Z-
2 and ZA-10 are hydrothermally stable even at tempera-
tures above 134 °C when they survive 192 h without any
evidence of aging 24.

Fig. 6: Monoclinic phase content during aging in water vapor at
134 °C and 2 bar.

In Fig. 7, SEM micrographs of the polished cross-sec-
tions of the aged samples are shown. As expected, sample
Z-1 with an average grain size of 340 nm exhibits a porous
transformed layer with a thickness of about 10 lm. Sam-
ples Z-2 and ZA-10 show no damage or changes in the mi-
crostructure during hydrothermal aging.
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Fig. 7: FESEM micrographs of polished cross-sections of the hydrothermally treated samples.

IV. Summary and Conclusion

The grain size of advanced zirconia and composite ce-
ramics depends strongly on the grinding and dispersing
parameters of the powders. Thus, it is possible to pro-
duce nanostructured zirconia ceramics from commercial
submicron powders by controlling the process parameters
and the material properties during grinding. BET, XRD
with Rietveld refinement, SEM and particle size measure-
ments are suitable tools to control the process and en-
sure production quality. All grinding parameters obtained
from laboratory mills can be scaled up to industrial stan-
dards. The use of small grinding beads with diameters
equal to or smaller than 100 lm makes it possible to achieve
a narrow grain size distribution and enhanced sintering ac-
tivity of the powder. The samples could be molded only
by slip casting. Behavior during cold isostatic pressing of
spray-dried nanosized powders will be investigated in fur-
ther studies.

The produced ceramics are resistant to aging even after
192 h at 134 °C in water vapor. Nanostructured Y-TZP ex-
hibits a slightly lower bending strength than Y-TZP with
submicron grain size owing to excess stabilization of the
tetragonal phase. However, the high fracture toughness re-
mains almost unaffected by the grain size, although the
transformability of the nanostructured Y-TZP ceramic is
drastically reduced. Other toughening mechanisms like
grain boundary sliding have to be considered in further in-
vestigations. In spite of excess stabilization of the tetrag-
onal phase, ATZ ceramic with 10 wt% Al2O3 reaches a
bending strength of about 1700 MPa. The nanostructured
Y-TZP exhibits an increase in microhardness of about
40 % compared with coarser grained Y-TZP ceramic.

Nevertheless, the presented manufacturing method may
be a contribution to the generation of a new grade of zirco-
nia matrix ceramics. The very short production time and
the high throughput open the way to industrial applica-
tion.
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