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bstract

0 0 1)-oriented 3 mol% yttria stabilized tetragonal zirconia (3Y-TZP) has been developed by reactive synthesis of undoped pure monoclinic zirconia
nd co-precipitated 8 mol% yttria-stabilized zirconia (8Y-ZrO2). The dispersed pure monoclinic ZrO2 powder, having magnetic anisotropy, was
rst aligned in a strong magnetic field and co-sintered in a randomly distributed cubic 8Y-ZrO2 fine matrix powder. The reactive sintering resulted

n a 3Y-TZP ceramic with a (0 0 1) orientation. The (0 0 1)-oriented 3Y-TZP showed a substantial toughness anisotropy, i.e. the toughness along

he [0 0 1] direction is 54% higher than that of its perpendicular direction. Moreover, the toughness along the [0 0 1] direction is 49% higher than
hat of a non-textured isotropic reactively synthesized 3Y-TZP and 110% higher than that of an isotropic co-precipitated powder based 3Y-TZP.
he substantially enhanced toughness was interpreted in terms of the tetragonal to monoclinic martensitic phase transformability.
2011 Elsevier Ltd. All rights reserved.
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. Introduction

Zirconia ceramics are one of the most important engineer-
ng ceramics and are widely used in various applications such
s thermal barrier coatings for high temperature protection,
olid electrolytes for oxygen sensors, high-temperature fuel
ells, and recently dental material.1,2 Zirconia ceramics have
ecome increasingly popular due to their unusual combination
f strength, fracture toughness, ionic conductivity, and low ther-
al conductivity.3 The most attractive feature of zirconia is its

igh fracture toughness (2–10 MPa m1/2).4 This is dominantly
ttributed to the stress induced transformation of the tetragonal to
onoclinic phase in the stress field of the propagating cracks, i.e.
phenomenon well known as ‘transformation toughening’.1,3–6

ransformation toughening is considered to be the dominant
oughening mechanism of partially stabilized ZrO2 and exten-
ive efforts have been devoted to understand the transformability

f tetragonal zirconia. However, most studies have focused on
olycrystalline ZrO2 ceramics without any orientation, and there
re hardly reports on the textured ZrO2 ceramics.
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Textured ceramics have attracted much interest due to
heir improved properties. Various techniques, like hot forg-
ng, deformation and templated grain growth are commonly
sed to produce textured ceramics.7–9 With the development
f superconducting magnets, the alignment of feeble non-
ubic magnetic particles, such as Al2O3, ZnO, TiO2, SiC
nd Si3N4, becomes possible in strong magnetic fields.10,11

aking �-alumina as an example, hexagonal single crystal alu-
ina particles in a low viscosity suspension can be aligned

n a strong magnetic field (∼10 T) when the magnetic crys-
al anisotropy energy �E is larger than the energy of thermal
otion:10,12

E > kBT (1)

ith kB the Boltzmann constant and T the absolute tempera-
ure. The crystal anisotropy energy �E in a magnetic field is
xpressed by:

E = −�χVB2

2μ0
(2)
here �χ = χa,b − χc is the anisotropy of the magnetic sus-
eptibility, with χa,b the magnetic susceptibility along the
rystallographic a- or b-axes and χc the magnetic susceptibility
long the crystallographic c-axis of alumina, μ0 is the perme-

dx.doi.org/10.1016/j.jeurceramsoc.2011.02.002
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bility of vacuum, B is the applied magnetic field and V is the
article volume.

In this study, the possibility of texturing zirconia using
strong magnetic field was assessed and subsequently the
echanical properties of the obtained textured zirconia were

valuated. The objective of this study was to achieve textured
mol% yttria-stabilized tetragonal zirconia (3Y-TZP), which
an be used in many applications.4,13 Since it was reported that
mol% co-precipitated ZrO2 powder was negligibly oriented

n a magnetic field of 12 T,13,14 we aimed at the alignment of
ure undoped monoclinic zirconia (m-ZrO2) in a starting powder
uspension of pure m-ZrO2 and co-precipitated 8 mol% yttria-
tabilized zirconia (8Y-ZrO2) in a strong magnetic field to obtain
textured 3Y-TZP after sintering to full density.

. Experiment

Unstabilized m-ZrO2 (SF-extra grade, Z-Tech LLC, USA)
nd co-precipitated 8Y-ZrO2 (TZ-8Y grade, Tosoh Co., Japan)
ere used as the starting powder. For comparison, a commer-

ial co-precipitated 3Y-TZP powder (TZ-3Y grade, Tosoh Co.,
apan, Fig. 1(a) and (c)) was also used. A mixture of SF-
xtra/TZ-8Y (mixed 3Y-TZP grade) with a molar ratio of 5:3
as mixed and deagglomerated by bead milling (Dispermat SL,
MA Getzmann GmbH, Germany) in ethanol at 6000 rpm for
h using zirconia beads with an average size of 1 mm (TZ-3Y,
osoh Co, Japan). The morphology and particle size distribution
f the mixed powder after bead milling is shown in Fig. 1(b) and
d). The particle size of SF-extra and 8Y-ZrO2 powders were
lso measured separately and the average particle sizes were
alculated according to the statistics. It was determined that
he monoclinic SF-extra powder has an average particle size
f 205 nm, while the TZ-8Y powder has an average particle size
f 75 nm after deagglomeration by bead milling.

To prepare a stable suspension, the milled powder (powder
oad 250 g/L) was dispersed with 1 wt% (relative to the pow-
er load) phosphate ester (JP-506H grade, Johoku Chem. Co.
td, Japan) as charging agent and binder. Pre-test experiments
howed that the addition of 1.1 wt% (relative to the pow-
er load) poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate)
PVB, Sigma-Aldrich Corp., USA) as binder and 0.03 wt% (rela-
ive to the powder load) polyethyleneimine (PEI, Sigma-Aldrich
orp., USA) as surface charging agent and stabilizer was effec-

ive to form a thick and crack-free deposit.15 The mixed zirconia
owder was deposited from the freshly prepared suspension by
lectrophoretic deposition (EPD). A horizontal strong magnetic
eld of 9.4 T (Bruker, Germany) was applied to the suspension
uring EPD at room temperature with parallel magnetic and elec-
ric field directions. In other words, the deposition electrode was
laced vertically and was perpendicular to the magnetic field. For
omparison, the mixed 3Y-TZP grade as well as the commercial
o-precipitated TZ-3Y grade was prepared by EPD outside the
agnet. Moreover, in order to check the alignment of the m-

rO2 powder, an SF-extra powder suspension was investigated
ith and without magnetic field.
The green compacts were dried outside of the magnet and

intered in air at 1500 ◦C for 3 h (Nabertherm, Germany). The

t
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w
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intered zirconia ceramics were analyzed by scanning electron
icroscopy (SEM, XL30-FEG, FEI, The Netherlands) and X-

ay diffraction (XRD, Seifert 3003T/T, Germany) to evaluate the
icrostructure and texture formation. Grain size distributions
ere obtained from the linear intercepts of 130 grains measured
n the well dispersed powder or on the thermally etched sur-
aces. The grain size data are presented as measured since no
athematical corrections were performed.
The Lotgering factor, based on XRD spectral analysis, was

sed to quantify the degree of orientation. The Lotgering factor,
, is defined as:16

= P − P0

1 − P0
(3)

ith P = I100/�Ihkl and P = I001/�Ihkl for monoclinic and tetrago-
al ZrO2, respectively. P0 is calculated from a randomly oriented
ample according to the same formula. Ihkl is the peak intensity
f all the h k l reflections in the 20–80◦ 2θ range. The f factor of
n isotropic material is 0, while f equals 1 for a single crystal.
he Lotgering factor, f, is considered to be an estimate of the
egree of orientation in the textured material.

The Vickers hardness (HV5) of the sintered ceramics was
easured (Model FV-700, Future-Tech Corp., Japan) on pol-

shed surfaces with an indentation load of 5 kg. Vickers hardness
ndent to measure fracture toughness (KIc) has been widely used
nd analyzed due to the relative ease of the technique.17 A use-
ul analysis method in the determination of KIc from Vickers
ndent in tetragonal zirconia (t-ZrO2) polycrystalline ceramics
as proposed by Anstis et al.18 The KIc was calculated from the
iagonal length of the radial cracks originating in the corners of
he Vickers indentations, according to the formula:18

Ic = 0.0154

√
E

HV

(
P

c1.5

)
(MPa m1/2) (4)

ith E, the Young’s modulus (GPa), HV, the Vickers hardness
GPa), P the indentation load (N) and c, half of the total crack
ength (m). For the ceramic deposited in the magnetic field, the
ndent was oriented so that one of its diagonals was parallel to the

agnetic field direction. For anisotropic materials, the diagonal
ength of the radial cracks in a specific direction was measured
o derive the KIc for cracks propagating in that direction. The E
alue used in the calculation according to Eq. (4) is 210 GPa.
he reported hardness and toughness values are the average and
tandard deviation for five indentations.

The ZrO2 phase transformation at the crack tip of the Vickers
ndentations was analyzed with an InVia micro Raman spec-

rometer (Renishaw, Wotton-under-Edge, UK), equipped with
n argon laser (514.5 nm, Spectra Physica, The Netherlands)
ith a maximum laser power of 50 mW. The spectra were
btained with a 50× magnification objective.
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Fig. 1. SEM micrographs and corresponding particle size distributions of the co-prec
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Fig. 2. XRD spectra of the SF-extra m-ZrO2 starting powder (a) and sintered
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ody, deposited in the absence (b) and in the presence (c) of the magnetic field.
and B indicate the direction of the electric and magnetic field with respect to

he diffraction surface.

. Results and discussion

.1. Texture development
The XRD spectra of the sintered SF-extra m-ZrO2 deposits
n the absence and presence of a magnetic field are compared
n Fig. 2, together with the starting powder spectrum for com-
arison. The influence of the magnetic field can be assessed by

i
i
s
u

ipitated 3Y-TZP (a, c) and the mixed SF-extra/TZ-8Y (b, d) starting powder.

omparing the ceramics deposited with and without magnetic
eld. The spectrum of the starting powder shown in Fig. 2(a) is

he same as that of the sintered ceramic deposited in the absence
f a magnetic field (Fig. 2(b)), both of which perfectly match
he m-ZrO2 reference spectrum (JCPDS card number 37-1484).
his indicates that the grains are not aligned in the ZrO2 ceramic
eposited without magnetic field.

In contrast, the alignment of m-ZrO2 by magnetic field was
onfirmed by XRD, as shown in Fig. 2(c), where the 2 0 0 diffrac-
ion peak intensity is very pronounced when measured from the
urface perpendicular to the magnetic field. This implies that the
agnetic field influences the m-ZrO2 (a = 5.203 Å, b = 5.217 Å,
= 5.388 Å, and β = 98.91◦)3 particle alignment during EPD,

.e. the (1 0 0) plane of the m-ZrO2 particles is aligned per-
endicular to the magnetic field direction and this alignment
an be retained to some extent after sintering. However, the
referred crystal orientation in the sintered m-ZrO2 is limited,
nd the Lotgering factor is only 0.05. This may be related to
he phase transformation occurring during the sintering process.
he monoclinic (m) to tetragonal (t) (m → t) transformation in
ure ZrO2 occurs at ∼1150 ◦C during heating and is reversible
t → m) at ∼950 ◦C during cooling.19 The t → m transformation

s accompanied by a large shear strain (∼0.16) and a signif-
cant volume expansion (∼4%).19 Due to the large internal
tresses created during cooling, it is widely observed that the
nstabilized pure zirconia sintered above 1150 ◦C inevitably
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Y mixed (b) powder processed in the absence of a magnetic field, together
ith the diffraction patterns of the mixed SF-extra/TZ-8Y powder of the surface
erpendicular (c) and parallel (d) to the magnetic field.

isintegrates by cracking upon cooling.3 The SF-extra mono-
linic zirconia, with EPD outside of the magnetic field, indeed
ecame a weak powder compact after sintering at 1500 ◦C
nd could be easily broken and crushed. The volume change
ccompanying the t → m transformation results in spontaneous
ransformation, micro-cracking and material disintegration. This
lso happened to the (1 0 0)-oriented pure ZrO2, although its
xpansion mismatch is expected to be smaller than the ran-
om equivalent. More importantly, during this t → m martensitic
ransformation, the orientation of the aligned ZrO2 grains may
e destroyed. Hayakawa et al. studied the t → m transforma-
ion in arc-melted 2 mol% Y2O3 doped ZrO2 by using X-ray
iffraction, optical metallography and transmission electron
icroscopy.20–22 They found that 12 possible variants of the
onoclinic phase can originate from one single tetragonal grain.
ue to the multiple variants, the orientation relationship between

he tetragonal parent and monoclinic product phases becomes
omplex and the orientation of the polycrystalline ZrO2 cannot
e well preserved after the t → m transformation, which resulted
n limited orientation in the sintered sample.

To prevent the spontaneous transformation during cooling,
ttria was introduced to stabilize the t-ZrO2 phase. The XRD
pectra of the sintered 3Y-TZP ceramics processed in the absence
nd presence of a magnetic field are compared in Fig. 3. The
RD spectra of the sintered co-precipitated and mixed powder
ased 3Y-TZP ceramics, prepared in the absence of a magnetic
eld and measured on the surface perpendicular to the electric
eld, are shown in Fig. 3(a) and (b) respectively. Both spec-

ra match the reference t-ZrO2 spectrum (JCPDS card number
7-0923) perfectly, indicating that isotropic 3Y-TZP ceramics
ere obtained after reactive sintering. In contrast, an anisotropic
Y-TZP was obtained when conducting the EPD in a strong mag-
etic field. As shown in Fig. 3(c), the 0 0 2 and 0 0 4 diffraction
eaks of the mixed powder based ceramic were much enhanced
hen measured on the surface perpendicular to the magnetic

eld direction. On the contrary, those peaks almost disappeared
rom the spectrum of the surface parallel to the magnetic field
Fig. 3(d)), whereas the 2 0 0, 2 2 0 and 4 0 0 diffraction peaks
ecame significant. Accordingly, the Lotgering factor of the

t
c
d
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eactively sintered 3Y-TZP is 0.36. It can be concluded that a
0 0 1)-oriented 3Y-TZP was formed after reactive sintering of
he mixed powder compact deposited in a magnetic field.

The t-ZrO2 grain alignment should be directly related to the
agnetically aligned m-ZrO2 grains in the starting powder. The

exture in the 3Y-TZP is substantially higher than that of the pure
-ZrO2 discussed above. Since the 3Y-TZP does not undergo the

→ m transformation during cooling, this also confirms that the
→ m transformation of the pure m-ZrO2 is detrimental to the
rystallographic texture. It is also noted that in Fig. 3(d), besides
he diffraction peaks of t-ZrO2, there are two small m-ZrO2
eaks, which were the result of the well known t → m marten-
itic transformation on the surface due to the stresses generated
uring grinding and polishing for sample preparation.3,6,19 This
lso indicates that the powder mixture based 3Y-TZP is a highly
ransformable ZrO2 ceramic since the transformation cannot be
ompletely avoided during an appropriate polishing, as is the
ase for the co-precipitated 3Y-TZP powder based material (see
ig. 3(a)). Surprisingly, the amount of m-ZrO2 in the powder
ixture based grade processed in a magnetic field is surface

ependent (compare Fig. 3(c) and (d)) and no m-ZrO2 was
bserved on the surface of the mixed powder based ceramic
rocessed in the absence of a magnetic field (Fig. 3(b)).

From the above observations, it can be concluded that the
0 0 1)t plane was aligned perpendicular to the magnetic field
nd the orientation relationship between the monoclinic precur-
or phase and the obtained tetragonal phase is (1 0 0)m//(0 0 1)t,
here (1 0 0)m is the (1 0 0) plane of m-ZrO2 phase and (0 0 1)t is

he (0 0 1) plane of the t-ZrO2 phase. The 8 mol% yttria stabilized
ubic TZ-8Y precursor powder cannot be aligned in a magnetic
eld due to its magnetic isotropy.11 This would also imply that

here is hardly any significant grain rearrangement during sinter-
ng. This is similar to the result reported by Suárez et al.,14 where
he aligned monomodal sized m-ZrO2 grains (TZ-0 grade, Tosoh
o., Japan, primary particle size 75.8 nm) are transformed into
Y-TZP by reacting with yttrium oxide, although the alignment
as not significant. The better alignment of the powder mixed
Y-TZP in this work may be attributed to the particle size differ-
nce between the SF-extra and TZ-8Y powders (Fig. 1(b) and
d)). As reported, the interaction of particles during consolida-
ion or deposition may destroy the crystallographic alignment
f particles and a bimodal particle size distribution of the mixed
owder can minimize this effect.23 The larger SF-extra grade
rO2 particles are also more prone to alignment, as indicated
y Eq. (1), and react with the randomly distributed TZ-8Y fine
owder during sintering to form a stable 3Y-TZP ceramic. This
s analogous to the “reactive templated grain growth” (RTGG),
hich is recently developed to texture materials.24 In RTGG,

he anisotropically shaped precursor particles, acting as reactive-
emplates, are aligned in a powder matrix during consolidation.
uring sintering, the template particles react with the matrix
owder and form a new phase. Simultaneously, the new phase
ill take the orientation from the precursor, thus form a tex-
ured material. RTGG have been successfully applied in several
ompounds, whose templates with the same composition are
ifficult to make, such as Bi0.5Na0.5TiO3 (BNT)-based ceram-
cs, CaBi4Ti4O15 and NaCo2O4.24–26 In the present study, the
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Fig. 4. Microstructure of thermally etched surfaces and corresponding grain size distribution of the co-precipitated (a) and the mixed (b, c, d) powder based 3Y-TZP.
The direction of the electric, E, and/or magnetic, B, field are indicated on the images.
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Table 1
Mechanical properties of the co-precipitated and mixed powder based 3Y-TZP,
prepared in the absence or in the presence of magnetic field.

3Y-TZP Magnetic
field

Direction Hardness HV5

(kg/mm2)
Toughness KIc

(MPa m1/2)

Co-precipitated No Random 1292 ± 13 4.0 ± 0.1

Mixed powder
based

No Random 1258 ± 18 5.9 ± 0.1

Yes Along
[0 0 1]

1228 ± 12 8.8 ± 0.5
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Fig. 5. Vickers indentations and radial crack patterns on the mixed (a) and co-
precipitated (b) powder based 3Y-TZP. The direction of the electric, E, and
m
w
t

T
o
t
s
i
i

3

s

Yes Along⊥
[0 0 1]

1208 ± 12 5.7 ± 0.3

F-extra grade monoclinic particles, acting as precursor, have
rregular shape and are aligned by the magnetic field due to their
nisotropic magnetic susceptibility. During sintering, they react
ith the matrix TZ-8Y powder and form a new 3Y-TZP phase,
hich inherits their orientation.

.2. Microstructure evolution

The microstructure and corresponding grain size distributions
f the co-precipitated powder and SF-extra/TZ-8Y mixed pow-
er based 3Y-TZP, sintered at exactly the same conditions, are
ompared in Fig. 4. As shown in Fig. 4(a), the co-precipitated
Y-TZP has a monomodal grain size distribution within the
00–1000 nm range with an average grain size of 380 nm. In
ontrast, the mixed powder based 3Y-TZP ceramics whether
rocessed in the absence (Fig. 4(b)) or in the presence (Fig. 4(c)
nd (d)) of a magnetic field show a much wider grain size distri-
ution with a small fraction of grains >1000 nm and <200 nm.
he average grain size of the reactively synthesized 3Y-TZP is
50 nm, which is larger than that of the co-precipitated powder
ased equivalent.

The grain size of a sintered deposit consisting of only m-ZrO2
s ∼4 �m, which is much larger than that of the mixed powder
ased 3Y-TZP (0.45 �m). As reported by Gupta et al.,4 TZ-8Y
owder pellet sintered at 1450 ◦C for 2 h had a grain size in
he range of 2–5 �m. Apparently, the mixed powder inhibits the
rain growth, which is related to the diffusion of yttrium in zir-
onia. The grain size of yttria stabilized ZrO2 is a direct function
f the yttria content and distribution.27,28 The ZrO2 grain size is
arge for unstabilized monoclinic ZrO2, decreases with increas-
ng yttria to a minimum grain size in the 2–3 mol% yttria range,
nd increases again at higher yttria contents.28 The yttria redistri-
ution during sintering limits the grain size and forms a 3Y-TZP.
he wider grain size distribution of the mixed powder based 3Y-
ZP is a result of the wider particle size distribution of the mixed
tarting powder, shown in Fig. 1(b) and (d), and the yttria redistri-
ution limiting grain growth during sintering. The larger grains
an be directly correlated to the larger fraction of m-ZrO2 grains
n the starting powder, implying that these grains are larger due

o their lower yttria content. Moreover, larger grains with lower
ttria content have a higher transformability and will boost up the
racture toughness of the material (mixed versus co-precipitated
rade), providing they do not spontaneously transform.

c
1
d
b

agnetic, B, field are indicated on the images. The ends of the crack are marked
ith a straight line to make it visible. The spots marked at the end of crack are

he positions where micro Raman (Fig. 6) measurements are performed.

The microstructure of the textured, mixed powder based 3Y-
ZP (Fig. 4(c) and (d)) was quite similar to that of the random
ne (Fig. 4(b)) deposited outside of the magnet. The microstruc-
ures of the mixed powder based 3Y-TZP are similar on the
urface perpendicular and parallel to the magnetic field, as shown
n Fig. 4(c) and (d), implying an isotropic microstructure even
f the material showed crystallographic orientation.

.3. Mechanical properties and toughening mechanism

The mechanical properties of the 3Y-TZP ceramics are
ummarized in Table 1. Whether textured or not, all sintered

eramics were fully dense with a comparable hardness of
200–1300 kg/mm2. With regard to toughness, there was a large
ifference between the co-precipitated and the mixed powder
ased 3Y-TZP. When formed in the absence of a magnetic field,
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ig. 6. Micro Raman spectra of the pristine polished surface and at the crack ti
he [0 0 1] direction of a textured 3Y-TZP (b) from the mixed SF-extra/TZ-8Y p

he toughness of the mixed powder based ceramic is 47.5%
igher than that of the co-precipitated material. An enhanced
oughness of 55% was also observed in 3Y-TZP prepared from
ttria-coated m-ZrO2.27 From the correlation between the yttria
istribution, t-ZrO2 grain size distribution and the transforma-
ility of the ZrO2 material, it could be concluded that the
ransformability and toughness of the yttria-coated ceramics
as higher than that of the co-precipitated powder based yttria-

tabilized zirconia because of the presence of a small amount of
-ZrO2 grains with a low yttria content and a larger grain size.27

In the present work, a similar inhomogeneous yttria distribu-
ion in the starting powder mixture results in a sintered 3Y-TZP
ith a wider grain size distribution with a fraction of substan-

ially larger grains compared to the co-precipitated equivalent,
s shown in Fig. 4. The enhanced toughness obtained in the
ixed powder based 3Y-TZP can therefore be attributed to the

arger grains with lower yttria content. These larger grains are
ost probably originating from the larger fraction of m-ZrO2

owder grains in the starting powder, which have a lower yttria
ontent due to the longer time needed for interdiffusion of yttria
rom the originally smaller grained TZ-8Y starting powder.3

For the textured 3Y-TZP processed in the strong magnetic
eld, the toughness in the directions parallel and perpendicu-

ar to the magnetic field direction, was substantially different,
s visually illustrated by the anisotropy in radial crack length
riginating at the corners of a Vickers indentation in Fig. 5(a).
or comparison and reference, the symmetrical radial crack pat-

ern of the co-precipitated 3Y-TZP is shown in Fig. 5(b). For
he textured ceramic, the crack along the magnetic field direc-
ion is shorter than the crack perpendicular to the magnetic field
irection. In other words, the toughness along the [0 0 1] direc-
ion is substantially higher. The numerical toughness values are
ummarized in Table 1. The textured powder mixed 3Y-TZP
hows a toughness of 8.8 MPa m1/2 along the magnetic field

1/2
irection, and 5.7 MPa m perpendicular to the magnetic field
irection. This anisotropic toughness could not be attributed to
he microstructure, which was isotropic, as shown in Fig. 4(c)
nd (d). Moreover, the lower toughness along the direction per-

m
T
s
y

co-precipitated 3Y-TZP (a), and at the tip of crack perpendicular to and along
r.

endicular to the [0 0 1] direction is comparable to the toughness
f the non-textured mixed 3Y-TZP.

The tetragonal to monoclinic martensitic transformation is
idely known to be the dominant toughening mechanism in
Y-TZP ceramics. In order to assess the transformability of the
-ZrO2 phase with regard to the direction and ceramic type, the
hase constitution at the radial crack-tip of Vickers indentations
n the polished co-precipitated and (0 0 1)-textured mixed pow-
er based 3Y-TZP was studied by micro Raman spectroscopy,
here the measured spots were indicated in Fig. 5.
The Raman spectrum of the pristine polished co-precipitated

Y-TZP showed mainly two strong t-ZrO2 peaks, as indicated by
1 and t2 in Fig. 6(a). In the spectrum measured at the crack tip of
Vickers indentation, two additional small m-ZrO2 peaks1 could
e observed, as indicated by m1 and m2 in Fig. 6(a). This actu-
lly proves martensitic transformation activation at the crack-tip
ue to the stress applied during indentation. The spectra at the
rack tips, along and perpendicular to the [0 0 1] direction, on
he mixed powder based 3Y-TZP deposited in the presence of a

agnetic field are compared in Fig. 6(b). Compared to the co-
recipitated ceramic (Fig. 6(a)), the t1 tetragonal peak decreased
ubstantially whereas the m1 and m2 m-ZrO2 peaks are signif-
cantly enhanced. Moreover, the m-ZrO2 peaks in the Raman
pectrum of the crack-tip along the [0 0 1] direction are more
ronounced than perpendicular to the [0 0 1] direction of the tex-
ured ceramic, indicating that the t-ZrO2 phase transformability
n the textured 3Y-TZP along the [0 0 1] direction is enhanced.
his is actually consistent with the higher toughness along the

0 0 1] direction in the textured 3Y-TZP discussed above (see
able 1). It is also noted that compared to the co-precipitated
eramic, the t2 t-ZrO2 peak of the mixed powder based 3Y-TZP
hifts to the higher reciprocal wavelength numbers. Generally,
he main factors that are responsible for the shift of Raman
pectra are composition, crystal size and internal stress in the

29–31
aterial. As discussed above, the mixed powder based 3Y-
ZP consists of the larger grains with lower yttria content and
maller grains with higher yttria content. The inhomogeneous
ttria distribution in the mixed powder based 3Y-TZP with wider
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article size distribution may cause this Raman peak shift. Addi-
ionally, reactive sintering can create internal stresses in the
ynthesized 3Y-TZP, being another possible origin for this peak
hift.

. Conclusions

Monoclinic zirconia powder could be aligned in a magnetic
eld of 9.4 T with its (1 0 0) plane perpendicular to the mag-
etic field direction. The alignment of pure unstabilized m-ZrO2
articles in a mixture of pure m-ZrO2 and cubic 8Y-ZrO2 in a
agnetic field, deposited by EPD and densification by pres-

ureless sintering allowed to obtain a textured 3Y-TZP ceramic.
he microstructurally isotropic (0 0 1)-textured 3Y-TZP showed
substantial toughness anisotropy, with a toughness along the

0 0 1] direction 54% higher than perpendicular to the [0 0 1]
irection. Moreover, the toughness along and perpendicular to
he [0 0 1] direction is respectively 49% higher and compara-
le to that of the non-textured isotropic 3Y-TZP, prepared from
he same powder. Raman spectroscopy allowed to correlate the
nhanced fracture toughness to an enhanced t-ZrO2 phase trans-
ormability that proved to be influenced by the crystallographic
exture.
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