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bstract

or the first time, the effect of microscale shear stress induced by both mechanical compression and ball-milling on the phase stability of
anocrystalline tetragonal zirconia (t-ZrO2) powders was studied in water free, inert atmosphere. It was found that nanocrystalline t-ZrO2 powders
re extremely sensitive to both macroscopic uniaxial compressive strain and ball-milling induced shear stress and easily transform martensitically
nto the monoclinic phase. A linear relationship between applied compressive stress and the degree of tetragonal to monoclinic (t → m) phase
ransformation was observed. Ball-milling induced microscale stress has a similar effect on the t → m phase transformation. Furthermore, it was
ound that even very mild milling condition, such as 120 rpm, 1 h (0.5 mm balls) was enough to induce phase transformation. Surfactant assisted
all-milling was found to be very effective in de-agglomeration of our nanocrystalline porous ZrO2 particles into discrete nanocrystals. However,
he t → m phase transformation could not be avoided totally even at very mild milling condition. This suggests that the metastable t-ZrO is
2

xtreme sensitive to microscale shear stress induced by both mechanical compression and ball-milling. The findings presented in this work are
ery important in further understanding the stress-induced phase transformation of nanocrystalline t-ZrO2 powders in a water free atmosphere and
heir further stabilization in industrially relevant solvents.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Zirconia (ZrO2) ceramics have found broad applications
n energy,1 catalysis,2,3 catalysis support,4 composites5,6

oatings,7–9 dental and body implants,10–14 and solid
lectrolytes,15 because of their unusual combination of strength,
racture toughness, ionic and thermal conductivity. These attrac-
ive characteristics are largely associated with the stabilization of
he tetragonal and cubic phases through alloying with aliovalent

ons.

At room temperature (RT) and atmospheric pressure, the ther-
odynamic stable phase of pure zirconia is the monoclinic and
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t goes through the following crystal phase as the temperature is
aised:

onoclinic → tetragonal → cubic → melt

By suitable control of the processing parameters, however,
t is possible to create ZrO2 in a metastable tetragonal phase
t room temperature.16 The metastable tetragonal phase easily
ransforms to the monoclinic phase. As a result of the t → m
hase transformation, the density of the zirconia crystals is
ecreased since the crystals expand 3–5 vol%. This volume
ncrease, caused by the martensitic phase transformation, is an

mportant property of t-ZrO2 (tetragonal zirconia) as it is the
asis for transformation toughening, which is used in various
pplications, e.g. dental inlays, dental crowns and dental bridges
here high tensile strength is important.17

dx.doi.org/10.1016/j.jeurceramsoc.2010.05.025
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Fig. 1. A schematic illustration showing how particle-to-particle contact can
generate microscale shear stresses and tensile stresses although the macroscopic
a
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In the last few decades, numerous efforts have been made to
nderstand the phase transformation behaviour of doped zirco-
ia. Effect of particle size, water, and oxygen vacancies on phase
ransformation of YSZ has been reported.18,19

Effect of uniaxial stress on tetragonal to monoclinic (t-m)
hase transformation has been reported.20

There are only a few reports on the effect of external mechan-
cal stress on the phase transformation behaviour of undoped
rO2.

The most often described phase transformation is from mon-
clinic to tetragonal21–23 as well as the direct transformation
rom monoclinic to cubic is seen,24 but also the reverse reac-
ion (tetragonal to monoclinic) is reported.25 These varying and
ontradicting results can be expected to be an effect of different
illing conditions (e.g. wet or dry milling) and the history of

he zirconia. Regarding the stabilizing effect of ball-milling on
he tetragonal and the cubic phase at room temperature several
heories have been proposed: lattice imperfections caused by
uenching on high-energy impact,24 incorporations of impuri-
ies due to wearing of the milling media,21,22 and small crystallite
ize have been suggested.26

Unfortunately, however, in most cases, ball-milling exper-
ments were done in uncontrolled atmosphere, like open air,
here phase transformation may occur also under the influence
f water vapor, for example. Therefore, it is very difficult to
valuate the effect of milling and stress on the phase stability of
irconia crystals and this leads to different conclusions. More-
ver, all these previous studies were limited on doped-zirconia,
uch as yttria-stabilized zirconia (YSZ) and ceria-stabilized zir-
onia (CSZ).27–29

To our knowledge, effect of microscale shear stress on the
artensitic phase transformation of nanocrystalline t-ZrO2 has

ever been reported.
It is well known that yttria-stabilized zirconia (YSZ) particles

mbedded in a ceramic matrix can display autocatalysis. That
s, the t → m phase transition of one particle induces a strain
eld in the surrounding matrix that triggers the phase transition

n neighbour particles.30

The behaviour of YSZ powder alone is anticipated to be very
ifferent from that of YSZ particles in a ceramic matrix. In the
atter case, the ceramic matrix encloses the YSZ particles and
cts as an elastic medium that transfers stresses between YSZ
articles that are not in direct contact. In contrast, for YSZ pow-
er, stress transfer can only occur by direct particle-to-particle
ontact. This implies that the microscale stress state differs from
he macroscale stress state. As an example, consider powder
ubjected to macroscopic compression in a rigid die (Fig. 1).
t the macroscale, the YSZ powder is subjected to uniaxial

train. However, at the microscale, individual particles touch
ach other and transfer stresses via the contact points. Then,
t the microscale, the particles are subjected to a complicated
tress state involving compressive, shear and possibly also ten-
ile stresses. The presence of shear stresses at the microscale

an induce the t → m phase transition in some crystal in some
f the YSZ particles. The transforming crystals may bring on
utocatalytic phase transition in the crystals they are bonded to.
he similar autocatalytic behaviour can be expected for undoped
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t
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f

pplied stress in compression.

-ZrO2. The hypothesis is that a macroscopic compression stress
ay cause a t → m phase transition in t-ZrO2 powders due to
icroscale shear stresses. If true, this hypothesis has the impor-

ant implications on the ways that pure t-ZrO2 powder should be
andled, since any mechanical treatment of t-ZrO2 powder will
enerate microscale stresses that can induce the t → m phase
ransition.

In the present work, the effect of microscale shear stress orig-
nating at particle scale during uniaxial strain test and low speed
all-milling on the crystal phase of zirconia are investigated in
arefully controlled atmosphere with XRD, transmission elec-
ron microscopy (TEM) and photo correlation spectroscopy.
pecial attention was paid to avoid any possible water contact
ith the zirconia samples to evaluate the effect of shear stress
n the stability of t-ZrO2.

. Experimental methods

All chemicals were supplied by Aldrich and they were all
sed as received. Highly porous nanocrystalline tetragonal zir-
onia powders were synthesized by controlled hydrolysis of
rOCl2 followed by careful calcination.31 The t-ZrO2 pow-
ers are extremely porous and have specific surface area of
150 m2/g. The powder is very sensitive to water vapor and
few seconds air exposure is enough to cause martensitic phase

ransformation from tetragonal to monoclinic phase. Therefore

ynthesized t-ZrO2 powders were kept in water free environment
or further treatment.
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.1. Uniaxial strain testing

In inert atmosphere in a glove box, 200 mg zirconia was
laced in pressing tools with a diameter of 13 mm. The press
as sealed from atmosphere with nitrile rubber to prevent phase

ransformation due to reaction of zirconia with water vapor in the
ir.32 The samples were exposed to macroscopic compression
o pressures of 60, 120 or 188 MPa. The pressure was applied
ith a speed of 2 kN/min until the maximum value reached and

hereafter the pressure was decreased linearly with time back to
ero. Data for time, piston position and load was collected at a
C at a data acquisition rate of 10 Hz.

After releasing the pressure, the samples were carefully trans-
erred back to the glove box and mixed with a methacrylic
onomer mixture consisting of Bisphenol-A diglycidyl ether

imethacrylate (Bis-GMA), urethane dimethacrylate (UDMA)
nd triethylene glycol dimethacrylate (TEGDMA) in the ratio
36/44/20 wt%) in combination with a polymerization system
omposed of champhorquinone and ethyl 4-dimethylamino ben-
oate both in contents of 0.5 wt% of resin. A sample of this
as placed between two glass plates and cured for 2 min using
lue light (1100 mW) from a Bluephase® light source (Ivoclar
ivadent, Lichtenstein). This treatment was done as the polymer
atrix prevents the tetragonal crystals to undergo phase trans-

ormation. The cured samples were then subjected directly to
he XRD measurement for the phase analysis.

.2. Ball-milling

A 250 ml Si3N4 coated stainless steel grinding bowl was filled
ith 60 g of aggregated t-zirconia nanocrystals in anhydrous

sopropanol (35 wt%), ∼12 g of either polyethylene hexamine
r a 1:1 mixture of urethane dimethacrylate:triethylene glycol
imethacrylate and ∼150 g of 0.5 mm ZrSiO4 in Ar atmosphere
n the glove box and after sealed carefully with tape. The
.5 mm zircon balls (ZrSiO4) used in our milling experiment
ere kindly provided by Comballs Corp., Graphtech Materials
o. Ltd., Qing Dao, China. The zirconia powder was milled
ith Fritsch P6 planetary monomill at 120, 250 or 500 rpm.
amples of the milled dispersion were collected after 1, 3 and
8 h. After milling, the zirconia dispersions were moved into
re-dried anhydrous isopropanol. It was transferred into the
lass bottles; the ZrSiO4 balls remained in the grinding bowl.
he milled zirconia samples were dried under vacuum and
ixed, in the glove box, with a methacrylic monomer mix-

ure consisting of Bisphenol-A diglycidyl ether dimethacrylate
Bis-GMA), urethane dimethacrylate (UDMA) and triethylene
lycol dimethacrylate (TEGDMA) in the ratio (36/44/20 wt%)
n combination with a polymerization system composed of
hamphorquinone and ethyl 4-dimethylamino benzoate both
n contents of 0.5 wt% of resin. A sample of this was placed

etween two glass plates and cured for 2 min using blue light
1100 mW) from a Bluephase® (Ivoclar Vivadent, Lichtenstein).
he samples were subjected directly to the XRD measurement

or the phase analysis.
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.3. Characterization

.3.1. X-ray diffraction (XRD)
XRD patterns were scanned in 0.1 steps (2θ), in the 2θ range

rom 26.5◦ to 33◦, with a fixed counting time (40 s). The XRD
atterns were analyzed using WinXPOW software (STOE & Cie
mbH, Darmstadt, Germany). The obtained values of the t-
rO2 and m-ZrO2 volume fractions (vt and vm) were compared
ith the values obtained from the integral intensities of the
onoclinic diffraction lines (−1 1 1) and (1 1 1) and the tetrag-

nal diffraction line (1 0 1), following a procedure proposed by
oraya et al.33

.3.2. Transmission electron microscopy (TEM)
Low- and high-resolution TEM images and Selected Area

lectron Diffraction (SAED) patterns were obtained using a
EOL JEM-3010 microscope operating at 300 kV (Cs = 0.6 mm,
oint resolution 0.17 nm). Images were recorded with a CCD
amera (MultiScan model 794, Gatan, 1024 �m × 1024 �m) at
magnification of 4000–400,000 times. TEM samples were pre-
ared by applying a drop of zirconia–isopropanol dispersion
nto a carbon coated Cu grid and the solvent was allowed to
lowly evaporate at room temperature.

.3.3. Photon correlation spectroscopy
Particle size distribution was analyzed using a Zetasizer

Nano ZS, 2003, Malvern Instruments, UK). Refractive indices
or isopropanol and zirconia were set at 1.39 and 2.2,
espectively. Viscosity of the solvent at 25 ◦C was set to
.32 × 10−3 Pa s. The standard general-purpose algorithm was
he default for the analysis.

All mixing was done by shaking and measurement was
arried out immediately after mixing. The sample bottle was
horoughly shaken by hand for 10 s before diluting it with
sopropanol and the diluted sample was analyzed by size mea-
urement. This procedure was chosen to be able to measure the
verall size distribution of the samples.

. Results

.1. Uniaxial strain test

Recorded XRD patterns of the casted ZrO2 samples from the
niaxial strain test are shown in Fig. 2. For the sample exposed to
0 MPa the (1 0 1) reflection at 30.2◦ (2θ) is dominating, but as
he applied pressure increases, the reflection from the tetragonal
irconia diminishes and the two reflections at 28.2◦ and 31.4◦
−1 1 1 and 1 1 1) from monoclinic zirconia grow in intensity.
t can be seen in Fig. 2 that an increased applied compressive
tress increases the monoclinic volume fraction in the sample.
In Fig. 3, the volume fraction of phase-transformed crystals
re plotted against the maximum applied pressure. The figure
hows that the volume fraction increases approximately linearly
ith the maximum pressure.
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Fig. 2. XRD of zirconia after one axial strain test at different applied pressures,
(a) 60 MPa, (b) 120 MPa and (c) 188 MPa.
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Fig. 5. XRD of zirconia milled (a) 1 h and (b) 18 h at 250 rpm.
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ig. 3. Volume fraction of formed monoclinic zirconia as a function of applied
ressure.

.2. Ball-milling

The XRD patterns recorded from the milled and in casted
amples at different milling speed after 1 and 18 h are illustrated
n Figs. 4 and 5. For both experiments, the reflection (1 0 1) of
etragonal zirconia at 30.2◦ = 2θ dominates after 1 h milling. The
wo reflections (−1 1 1 and 1 1 1) from monoclinic zirconia grow
uring milling and the (1 0 1) reflection decreased, indicating a
etragonal to monoclinic transformation.33 It is also seen that
hen milling speed is increased to 500 rpm, transformation rate
s also significantly higher than 250 rpm.
Phase transformation of the zirconia crystals caused by

illing is shown in Fig. 6. It can be seen that the monoclinic vol-
me fraction (vm) increases with elongated milling time and that

ig. 4. XRD patterns showing the evolution of m-phase produced by ball-milling
f tetragonal zirconia nanoparticles at 120 rpm, (a) 1 h and (b) 18 h.

S

τ

F
m

ig. 6. Volume fraction of formed monoclinic zirconia function a milling time
t 120 and 250 rpm.

he results from the 120 and 250 rpm experiments have approx-
mately the same curve progression. As indicated in Fig. 6 the
ffect of milling speeds at low speed, such as 120 and 250 rpm
s not very significant in respect to transformation rate.

Fig. 7 shows the XRD patterns before and after milling.
efore milling, the sample mainly consists of tetragonal ZrO2
iving broad peaks in the XRD patterns as a result of small crys-
al sizes. The amount of tetragonal phase diminishes as a result
f milling but the crystal size remains at 8 nm, calculated by the

cherrer equation:

= Kλ

β cos θ
,

ig. 7. XRD patterns of zirconia powders before and after milling, (a) before
illing, (b) milling at 120 rpm, 18 h and (c) 250 rpm, 18 h.
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ig. 8. TEM images of the zirconia particles milled with 0.5 mm ZrSiO4 balls:

here τ is the mean crystallite dimension, K is the shape factor, λ
s the X-ray wavelength (1.54 Å for Cu K�), β is the full widths at
alf maximum intensity (FWHM) in radians, and θ is the Bragg
ngle. The dimensionless shape factor varies with the shape of
he crystallite, but has typically a value about 0.9.34

It was confirmed by the transmission electron microscope

nalysis (Fig. 8a and b) that as prepared samples indeed com-
osed of very small, about 8–10 nm size nanocrystals which are
nterconnected and makes three dimensional porous networks
ith an average particle size of about 2.0 �m.

m
p
A
Z

d B) prior to milling; (C and D) milled at 500 rpm, 4 h (E and F) 500 rpm, 18 h.

The average size of the milled ZrO2 particles was deter-
ined using photo correlation spectroscopy. The results from the
illing experiment performed at a speed of 120 rpm are shown

n Fig. 9. The size distribution of milled ZrO2 that was obtained
rom DSL analysis agrees well with the result obtained by TEM
nalysis. For both milling speeds, the particle size reaches a

inimum at which point further milling only will give more

hase transformation and not lead to further de-agglomeration.
lthough it is not possible to reduce the average size of milled
rO2 particles to less than approximately 300 nm with speed
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ig. 9. Size distribution of zirconia particles milled at 120 rpm that is dispersed
n isopropanol obtained by dynamic light scattering analysis.

illing such as 120 rpm or 250 rpm, it is interesting, however,
o observe the possibility of reducing the particle size to less
han 100 nm by prolonged milling of the powders together with
uitable surfactants at 500 rpm (Fig. 8). TEM result (Fig. 8e and
) showed that by high energetic ball-milling it is possible to
reak down the porous network of the zirconia particles and
e-aggregate them almost to their primary crystals.

. Discussion

During the experimental work with the high surface area zir-
onia powder it became clear that the nanocrystalline t-ZrO2 is
ery sensitive towards shear stress. In the compression tests we
ound phase transformation; this may result from the multi-axial
tress field at micro/nanoscale. Likewise, milling test also gen-
rates a complicated microscale stress field that induces zirconia
ndergo a martensitic phase transformation. The increase in the
onoclinic volume fraction with increasing applied maximum

ressure could be due to an increase in the microscale shear
tresses causing enhanced transformation. It is remarkable to
bserve the similar phase transformation can occur even with
ur undoped t-ZrO2.

Furthermore, in the uniaxial strain tests, we have observed
correlation between t → m phase transformation rate and

pecific surface area. Higher the surface area, faster the trans-
ormations is. This observation makes us believe that t → m
hase transformation must be caused by the structural rear-
angement of atoms to compensate the accumulated stress at the
utermost surface of the t-ZrO2 nanocrystals, which is further
nhanced by the additional shear stress that is provided to the
ystem with extra energy to overcome the activation energy for
hase transformation. The porous t-ZrO2 powders are formed
rom interconnected nanocrystals. Transforming nanocrystals
t the surface may bring autocatalytic phase transformation in
he neighbour nanocrystals that they bound to. Although it is
mpossible for us to determine the defect concentration of the
anocrystalline ZrO2 powder, it is most likely that the high

urface area of our zirconia powders can be correlated to an
ncreased defect concentration on the surface compared with the
urface defect concentration of low surface area t-ZrO2 powders
nd we assume that the tested zirconia powder, with a high sur-

A

t
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ace area will have more defects per gram, than the low surface
rea t-ZrO2. Therefore, we have a reason to believe that t → m
hase transformation must follow the similar reaction pathway
hat was reported for doped zirconia.20,32

The observed phase transformation in the milling experi-
ents, probably also caused by the complicated stress field,
hich will cause some shear stresses and shear strains result-

ng in the phase transformation, just as in the uniaxial strain
ests. It is also seen from the XRD patterns that this transforma-
ion is little more pronounced in the sample milled at 250 rpm
Figs. 5 and 6). This makes sense as the produced shear stresses
epend on the energy supplied to the system. Higher speed will
robably cause higher stresses causing an increasing transfor-
ation rate. That the difference between the two transformation

ates is not more pronounced could be due to the fact that at these
elatively low rpm’s the balls are still circling at the bottom of
he grinding bowl. As shown in Fig. 6 the transformation rate
t → m) increases with the increasing milling time, but seems
o approach a maximum value. This indicates that milling alone
ill not cause 100% phase transformation, at least not at these

ow milling speeds.
In comparison with t-zirconia powders which have relatively

ow surface area, the nanocrystalline zirconia powder that was
btained with our method31 possesses very high surface area
150 m2/g). But even though the zirconia powder is very porous
Fig. 8a and b) and milling makes the zirconia change from
etragonal to monoclinic phase. Indeed, mild milling condi-
ion, such as 250 rpm, is not strong enough to separate other
han loosely agglomerated particles. However, it is possible to
reak up these interconnected nanocrystals under more ener-
etic milling conditions, such as 500 rpm or higher. This must
e due the fact that the zirconia crystals are sintered during the
alcinations and apparently milling at low speed does not give
nough force to break the sintered crystals from each other.

. Conclusion

Low milling speed can induce the martensitic phase trans-
ormation from tetragonal to monoclinic crystal phase of
anocrystalline zirconia powders. Likewise, macroscopic com-
ression was found to generate the t → m phase transition of
irconia powders. At the microscale, both tests induce shear
tress in the nanocrystalline zirconia particles. It is proposed
hat the phase transition caused by milling and compression
f zirconia powders induces microscale shear stresses that are
esponsible for phase transformation.

The present study provides an improved understanding to
he phase transformation behaviour of undoped t-ZrO2 powders
nder shear stress that was induced by uniaxial compression and
all-milling.
cknowledgements

This work was financially supported by the DentoFit A/S. We
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