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bstract

efective dioxide nanocondensates of varied Ti1−xZrxO2 compositions and crystal structures, predominantly anatase, cubic (c-) and tetragonal
t-) fluorite type, were synthesized by energetic Nd-YAG laser pulse irradiation of the metal composite targets under oxygen background gas.

he anatase-type was (0 0 1) faulted. The t-fluorite type Ti1−xZrxO2 has a larger size than the c-fluorite-type and tended to be {0 0 1} faulted due

o partial transformation to monoclinic-symmetry. The nanocondensates formed dislocations, faults and twin via Brownian rotation–coalescence
nd/or relaxation of the joined particles.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

The motivation of this research is to synthesize Ti1−xZrxO2
olid solution nanoparticles with abundant defects and con-
iderable residual stress by laser ablation condensation rather
han relaxed nanoparticles by conventional sol–gel and then
nnealing route. Ti1−xZrxO2 solid solution and its defects are of
oncern to photocatalytic applications of Zr-dissolved anatase
iO2.1,2 Zr dopant has been used to stabilize TiO2 as anatase
tructure at 1000 ◦C via hydrothermal solution route.2 The inter-
iffusion of Ti and Zr cations in fluorite-type structure is also
nteresting regarding to the concentration of charge- and/or
olume-compensating oxygen vacancies and hence the stability
f cubic (c-) and/or tetragonal (t-) structures in partially stabi-
ized zirconia (PSZ).3,4 (PSZ with various cation stabilizers has
eneficial transformation toughening effect due to martensitic t-
o monoclinic (m-) transformation.5)

In our previous studies, pulse laser ablation with a very rapid

eating/cooling and hence pressure effect has been used to fabri-
ate fluorite-type dioxide nanocondensates of the end members
f ZrO2,6–8 and TiO2.9 The t-ZrO2 condensates were found
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o change shape yet with invariant plane strain as a result of
–m transformation under the influence of electron irradiation.6

y contrast, the t-ZrO2 condensates with considerable resid-
al stress were allowed to relax or transform into c-phase upon
lectron dosage.7,8 As for the fluorite-type TiO2 condensates,
hey tended to transform martensitically to m- and then �-PbO2-
ype structure following specific crystallographic relationships
epending on the size of the condensates.9 Defects were also
ound to generate for TiO2 rutile particle via a coalescence
rocess of the impinged nanocondensates.10

Here, pulse laser ablation was employed to fabricate
i1−xZrxO2 nanocondensates focusing on the effect of such a
ynamic process on the formation of dense Zr-doped titania and
i1−xZrxO2 solid solution with c- and/or t-fluorite type struc-

ures partially underwent t–m transformation. Defect generation
y the combined effects of dynamic solid solution, coalescence
f the nanocondensates, and/or electron irradiation, was also
ddressed.

. Experimental procedure
High purity (>99.2%) Zr and Ti foils 0.02 mm in thickness
ere used as target materials for energetic Nd-YAG-laser (Lotis,
064 nm in wavelength, beam mode: TEM00) pulse irradiation.
he targets were satisfactory in producing Ti1−xZrxO2 conden-

mailto:steven@isu.edu.tw
dx.doi.org/10.1016/j.jeurceramsoc.2007.10.008
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Fig. 1. TEM (a) SAED pattern and (b) and (c) BFIs at different magnifications showing the Ti-rich Ti1−xZrxO2 nanocondensates with anatase (denoted as A), rutile
(denoted as R), t- and/or c-fluorite type structures were randomly oriented and assembled as NCA, (d) EDX spectrum showing predominant counts of Ti and O and
minor counts of Zr with Cu peaks from supporting Cu ring. Specimen produced by laser ablation on the clamped Zr–Ti targets at 1.6 x 108 W/cm2 and oxygen flow
rate of 15 L/min.

Fig. 2. TEM (a) SAED pattern and (b) and (c) BFIs at different magnifications showing the Zr-rich Ti1−xZrxO2 nanocondensates with t- and/or c-fluorite type
structures were randomly oriented and assembled as NCA, (d) EDX spectrum showing predominant counts of Zr and O and minor counts of Ti with Cu peaks from
supporting Cu ring. Specimen produced by laser ablation on the clamped Zr-Ti targets at 1.6 x 108 W/cm2 and oxygen flow rate of 15 L/min



ean Ceramic Society 28 (2008) 1631–1639 1633

s
d
a
l
t
w
t
e
a
t
o
t
1
p
f

a
2
t
T
t
w
e
S
n
u
fi
(
e
c
t
p
i
i
d
s

3

o
i
a
a
T
a
Z
p
m
t

n
o
E
t
a
fl

F
d
c

t
i
b

c
t
(
a
a
t

t
h
d

M.-H. Tsai et al. / Journal of the Europ

ates without detectable impurities. The Lotis laser pulse time
uration was 240 �s at 10 Hz, having the laser beam focused to
spot area of 0.03 mm2 on the clamped Zr–Ti (i.e. Zr on the

aser incident side) or Ti–Zr (i.e. Ti on the laser incident side)
argets inside the ablation chamber. Oxygen (99.999% purity)
as supplied near a fixed flow rate of 5, 15, 20 and 25 L/min

o oxidize, condense and cool the metal vapor. A laser input
nergy of 1150 and 635 mJ/pulse, i.e. power density of 1.6 × 108

nd 8.8 × 107 W/cm2, respectively under the mentioned pulse
ime duration, frequency and spot size, assured a good yield
f Ti1−xZrxO2 condensates. (The rate of nanoparticles forma-
ion depends on the target ablation rate. In general, more than
012 nanoparticles were produced within minutes of the present
ulsed laser ablation process indicating it can be an alternative
abrication route in the future.)

Copper grids overlaid with a carbon-coated collodion film
nd fixed in position by a plastic holder at a distance of
.5–10 mm from the composite targets were used to collect
he condensates. The composition and crystal structures of the
i1−xZrxO2 condensates were characterized by analytical elec-

ron microscopy (AEM, JEOL 3010 instrument at 300 keV)
ith selected area electron diffraction (SAED), and point-count

nergy dispersive X-ray (EDX) analysis at a beam size of 10 nm.
canning transmission electron microscopy (STEM) (FEI Tec-
ai G2F20 at 200 kV) coupled with EDX analysis was also
sed to analyze detailed composition of the particles. Bright
eld images (BFI) taken by transmission electron microscopy
TEM) were used to study the general morphology and agglom-
ration of the condensed Ti1−xZrxO2 particles. Lattice imaging
oupled with two-dimensional Fourier transform and inverse
ransform were used to analyze the crystal structure of nano-size
articles and their phase transformation, if any, upon electron
rradiation. The t-fluorite type Ti1−xZrxO2 was indexed accord-
ng to the distorted version of c-fluorite type parent cell. The
-spacings measured from SAED patterns were used for least-
quares refinement of the lattice parameters.

. Results

The laser ablation condensation products are aggregates
f nanometer-size and randomly oriented Ti1−xZrxO2 diox-
de particles, i.e. Zr-doped anatase and rutile, and cubic (c-)
nd/or tetragonal (t-) fluorite type structures, regardless of the
dopted laser power density, the target sequence of Zr–Ti or
i–Zr, and the oxygen flow rates from 5 to 25 L/min. Anatase
ppeared to be a predominant titania phase in the presence of
r dopant in accord with previous observations of samples pre-
ared by hydrothermal and then annealing route.2 The typical
icrostructures, composition and phase identification results of

he predominant phases are as follows.
TEM BFI (Figs. 1b and 2b) indicated the Ti1−xZrxO2

anoparticles were assembled as nano-chain aggregates (NCA)
r in close packed manner, regardless of composition variation.

lectron diffraction (Figs. 1a and 2a) and EDX spectra fur-

her indicated the predominant nanocondensates are Zr-doped
natase in Ti-rich region (Fig. 1c and 1d) whereas t- and/or c-
uorite type structures in Zr-rich region (Fig. 2c and 2d). In fact,

(
l
m
p

ig. 3. STEM-EDX spectra of two individual Ti1−xZrxO2 nanocondensates with
ifferent chemical composition. Specimen produced by laser ablation on the
lamped Zr–Ti targets at 8.8 × 107 W/cm2 and oxygen flow rate of 25 L/min.

he composition varied from particle to particle (Fig. 3) accord-
ng to STEM-EDX analysis on individual nanoparticles using a
eam size of 10 nm.

The Zr-doped anatase has faults parallel to (0 0 1) and dislo-
ation half plane parallel to (0 1̄ 1) and (0 0 1) as indicated by
he lattice image (Fig. 4a), two-dimensional Fourier transform
Fig. 4b) and inverse transform (Fig. 4c) of the condensate with
relatively large diameter of 30 nm. By contrast, the Zr-doped

natase condensate with a smaller diameter of 15 nm was found
o be nearly dislocation free (Fig. 5).

As for the Ti1−xZrxO2 condensate with t-fluorite type struc-
ure, it has commensurate faults parallel to the (0 0 1) plane and
ence (0 0 1) spot as shown by its lattice image (Fig. 6a), two-
imensional Fourier transform (Fig. 6b) and inverse transform

Fig. 6c). Such t-fluorite type nanocondensates with a relatively
arge diameter of ∼25 nm (Fig. 7) was partially transformed to

onoclinic (m-) symmetry with the t/m interface and the fault
lane of m-phase parallel to (0 0 1).
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ig. 4. (a) Lattice image and (b) two-dimensional Fourier transform along with
c) inverse transform showing a Zr-doped anatase condensate about 30 nm in
iameter has faults parallel to (0 0 1) and dislocation half plane parallel to (0 1̄ 1)
nd (0 0 1). The same specimen as in Fig. 1.

The Ti1−xZrxO2 nanocondensates with c-fluorite type struc-
ure have well-developed {1 1 1} and {1 0 0} facets and are free
f dislocations when small in size (∼10 nm) (Fig. 8). However,
wo such c-fluorite type nanoparticles were found to coalesce
nd/or relax to form twinned bicrystals following {1 1 1} twin
lane and domain boundary {0 1 1} {1 1 1}, as manifested by the
mpinged corner in Fig. 9. Alternatively, c-fluorite type nanopar-
icles were coalesced into unity with interfacial dislocations
aving half plane parallel to (1 0 0) and (1 1̄ 1) (Fig. 10). The dis-
ocations were predominantly generated in the impinged corner,
specially near the interface of the smaller particle in the lower
ight hand side corner of the figure. The defects were introduced
y a rotation–coalescence event of the impinged Ti1−xZrxO2
anoparticles as discussed later.

. Discussion

.1. Polyhedral site and lattice mismatch upon mutual

issolution of TiO2 and ZrO2

The fluorite-related related Ti1−xZrxO2 nanocondensates
ave a wide composition range, whereas the anatase and rutile

d
t
O
c

ig. 5. (a) Lattice image and (b) two-dimensional Fourier transform along with
c) inverse transform showing a Zr-doped anatase condensate about 15 nm in
iameter is defect free. The same specimen as in Fig. 1.

ype are Ti-rich. The mutual dissolution of the end members at
he scale of individual particles predominantly occurred during
he dynamic ablation–condensation process, although interdif-
usion to approach the solid solution limit at ambient pressure11

ould happen between the coalesced particles. The mutual dis-
olution of the components as well as the residual stress would
ffect the lattice parameters, as addressed in the following.

The least-squares refinement of the d-spacings of the present
ondensates indicated that the dissolution of larger-size Zr cation
aused negligible change of room-temperature lattice param-
ters for rutile (a = 0.459 nm and c = 0.296 nm) and anatase
a = 0.379 nm and c = 0.951 nm) in comparison with the undoped
utile (a = 0.4593 nm and c = 0.2959 nm, JCPDS file 21-1276)
nd anatase (a = 0.3785 nm and c = 0.9513 nm, JCPDS file 21-
272). This may be accounted for by the residual compressive
tress imposed by the ablation–condensation process. (Pressure
ffect due to rapid heating/cooling in a dynamic laser abla-
ion condensation process was suggested for the retention of

ense TiO2 condensate of �-PbO2-type structure and fluorite-
ype related structure9,12 as well as the t-ZrO2 condensates.7,8)
n the other hand, Ti-dissolution caused significantly smaller

ell parameter for the c-ZrO2 condensates (a = 0.509 nm) than
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Fig. 6. (a) Lattice image and (b) two-dimensional Fourier transform along with
(
f
a

p
c
i
(
r
s

t
m
m
d
d
a
c
p
a
{
f
m
p
a

Fig. 7. (a) Lattice image and (b) two-dimensional Fourier transform along with
(c) inverse transform showing the t-fluorite type nanocondensates about 25 nm
c) inverse transform showing the t-fluorite type condensate has commensurate
ault along (0 0 1) plane and hence (0 0 1) diffraction spot. The same specimen
s in Fig. 1.

ure c-ZrO2 (a = 0.5128 nm, JCPDS file 49-1642). A smaller
ell volume for Ti-dissolved zirconia than the undoped case
s due to the replacement of Zr4+ (0.084 nm) by smaller Ti4+

0.074 nm) in coordination number (CN) 8 given the effective
adii of cations,13 besides a possible effect of residual compres-
ive stress.

The polyhedral site and/or lattice mismatch are of concern
o dislocation generation and migration to the free surface. The

utual dissolution of the TiO2 and ZrO2 component caused a
ismatch by more than 15% at substitution site for all the con-

ensates. The overall change of the cell volume due to mutual
issolution is however one order of magnitude smaller that that
t individual polyhedral sites. For example, the Ti-dissolved
-ZrO2 condensates suffered 0.74% decrease in d-spacings com-
aring to the undoped c-ZrO2. Shear stress up to ca. 0.5 ± 0.1
nd 1.3 ± 0.1 GPa are therefore built up for the {1 0 0} and
1 1 0} planes, respectively, given the shear moduli c and c′

or analogue oxide with fluorite-type isostructure. (The shear
oduli c and c′ correspond to shear on the {1 0 0} and {1 1 0}

lanes in a cubic system, respectively,14 where c = C44 = 56 GPa
nd c′ = 1/2 (C11–C22) = 153 GPa for analogue cubic ZrO2 with

in diameter was partially transformed to m-symmetry with the t/m interface
and fault plane parallel to (0 0 1). Specimen produced by laser ablation on the
clamped Zr–Ti targets at 1.6 × 108 W/cm2 and oxygen flow rate of 25 L/min.
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Fig. 8. (a) Lattice image and (b) two-dimensional Fourier transform along with
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Fig. 9. (a) Lattice image and (b) two-dimensional Fourier transform along with
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c) inverse transform showing the c-fluorite type nanocondensate about 10 nm in
iameter has well-developed {1 1 1} and {1 0 0} facets and free of dislocation.
he same specimen as in Fig. 7.

mol% Y2O3.15) Such stress levels are equal to or even more
han that required (∼0.5 GPa) to activate slip system for fluorite-
ype oxides.16,17

.2. Chemical stabilization of c- and t-fluorite type
tructures

Compressive stress due to rapid heating-cooling of a laser
blation process under the influence of oxygen background gas
as suggested to stabilize the TiO2,9 and ZrO2 condensates7,8

s c-fluorite type structure. The possible residual stress of the
resent Ti1−xZrxO2 nanocondensates is difficult, if not impos-
ible, to determine due to overwhelming chemical effect.

The c-fluorite type structure could be alternatively stabilized
y mutual dissolution of TiO2 and ZrO2 upon dynamic laser
blation condensation under oxygen flow or electron irradiation
n vacuum. Tramp impurities of Ti2+ and/or Ti3+, if incorporated

n such processes, would substitute for Zr4+ in CN 8 and hence
ntroduce charge-compensating oxygen vacancies to stabilize
he c-fluorite structure. The stabilization of c-ZrO2 resulting
rom oxygen vacancies was supported by experimental evi-

b
t
a
n

c) inverse transform showing two c-fluorite type nanoparticles about 10 nm
n size were coalesced and/or relaxed to form twinned bicrystals. The same
pecimen as in Fig. 7.

ences on the Zr–ZrO2 system18 and the annealed thin zirconia
lm.19 Theoretical calculations using a self-consistent tight-
inding model also indicated that the large relaxation around
n oxygen vacancy, and the clustering of vacancies along the
1 1 1〉 directions are in good agreement with experiments and
rst principles calculations.20

As for t-fluorite type structure, various explanations have

een proposed for the observed stabilization of high temperature
-phase in nanocrystalline zirconia particles at room temperature
nd controversies still exist in the elucidation of the mecha-
ism of t-phase stability. Osendi et al.21 postulated that the
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Fig. 10. (a) Lattice image and (b) two-dimensional Fourier transform along with
(c) inverse transform showing two c-fluorite type nanoparticles about 20 nm in
size were coalesced as a single crystal with dislocations (half plane parallel to
(1 0 0) and (1 1̄ 1)) near the interface of the smaller particle in the lower right
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would account for the dislocation generation, whereas {h k l}-
and side corner. Specimen produced by laser ablation on the clamped Ti–Zr
argets at 1.6 × 108 W/cm2 and oxygen flow rate of 20 L/min.

nitial nucleation of t-ZrO2 is favored by anionic vacancies
ith trapped electrons. Tani et al.22 proposed a mechanism of

opotactic crystallization of t-ZrO2 on nuclei in the amorphous
rO2. The oxygen purging and Ti1−xZrxO2 solid solution in

he present laser ablation condensation process may suppress
xygen vacancies in local area to favor t- rather than c-fluorite
ype structure. In any case, kinetically, the former can trans-
orm to later and vice versa depending on the intersection of the
ree energy versus composition curve23 and/or the free energy
ersus cell volume curve when the extent of residual stress is
f concern.7,8 (Dense t-ZrO2 nanocondensates with a residual
tress above 6 GPa was found to transform into a metastable
ubic phase due to size-dependent free energy vs. volume curves
or the c- and t-polymorphs at specific temperature in pure
rO2 system.7,8) For ZrO2–TiO2 binary, additional chemical

ree energy effect needs to be considered for the construction

f isothermal free energy envelopes as a function of both vol-
me and composition, which is beyond the scope of the present
tudy.
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T
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.3. Martensitic transformation of nanosize t-fluorite type
i1−xZrxO2 particles

Defect-facilitated nucleation has been suggested for the trans-
ormation of small ZrO2 particles embedded in metal and
eramics matrices. For t-ZrO2 particles in Cu matrix and HfO2
articles in Ta matrix, the martensitic nucleation was often sup-
ressed by the lack of potent defects.24,25 When such defects
re available, nucleation of m-phase occurred spontaneously
n the internal stress field of the nucleating defects. Abundant
oint defects and the free surface of the present Ti1−xZrxO2
ondensates would also act as nucleation sites for t–m
ransformation.

The t-fluorite type Ti1−xZrxO2 partially transformed to m-
ymmetry upon electron irradiation showed (0 0 1) habit plane
nd fault plane. Analogously the undoped t-ZrO2 nanoconden-
ates transformed to m-symmetry forming {1 0 0} and {1 1 0}
win plane with resultant shape and volume changes under the
nfluence of electron-irradiation and thermal stress.6 The m-
winning plane, either induced by cooling or under the influence
f an applied stress, was however reported to be on (1 0 0),
0 0 1), and (1 1 0) for pure ZrO2 and a number of PSZ and
irconia-dispersed ceramics exhibiting mosaic twins and closure
wins.5 In any case, the individual t-fluorite type Ti1−xZrxO2
ondensates are expected to have beneficial transformation
oughening effect due to martensitic t–m transformation anal-
gous to tetragonal zirconia polycrystals.5

.4. Brownian rotation and defect generation of the
oalesced nanocondensates

The (h k l) surface specific coalescence has been shown to
ccur for laser ablation produced nanocondensates of CeO2,26

-ZrO2,6 TiO2 rutile10 and nonstoichiometric CeO2−x.27 When
uch nanocondensates were imperfectly attached as expected
o be the case in general, Brownian rotation of the particles
bove a critical temperature for anchorage release at interface is
equired as for the case of f.c.c. metal crystallites migrating and
otating on single crystal substrate, KCl(1 0 0) with or without
teps (Appendix).28–33

Besides {h k l}-specific coalescence, some Ti1−xZrxO2
anocondensates with poorly developed facets tended to coa-
esce via arbitrarily impinged corner, which can be rationalized
y so-called grain rotation coalescence.34 In such model, the two
eighboring grains would finally assume the same orientation34

ecause of grain boundary anisotropy.33 In fact, anisotropic
rain boundary energy depends on the misorientation angle
etween any two neighboring grains,35 and the change of the
rientation of one grain due to rotation leads to a change in the
isorientations of all the grain boundaries surrounding the grain

hange such that overall the total energy of all grain boundaries
elimiting the grain decrease.

Finally, sintering stress associated with the impinged corner
pecific coalescence would explain faults and twin for the
i1−xZrxO2 condensates analogous to the condensates of TiO2
utile10 and SnO2 rutile.36 In fact, stress relaxation was found to
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ause a high density of fault and dislocation near the coalescence
win plane for the condensate of TiO2 rutile.10

. Conclusions

. Laser ablation on Zr–Ti or Ti–Zr target at a high power
density of 8.8 × 107 or 1.6 × 108 W/cm2 and varied oxygen
flow rates from 5 to 25 L/min produced nanometer-size and
randomly oriented Ti1−xZrxO2 solid solution particles with
predominant anatase and fluorite type of c- and t-structures.

. The Zr-doped anatase was (0 0 1) faulted whereas the
t-fluorite type Ti1−xZrxO2 with a larger size than the c-
fluorite-type was {0 0 1} faulted and partially transformed
to m-symmetry.

. The Ti1−xZrxO2 nanocondensates were coalesced via an arbi-
trary impinged corner or specific low-index contact plane
followed by a Brownian rotation process in order to be unified
or twinned.

. Point defects were introduced by mutual solid solution,
whereas dislocations and planar defects, i.e. fault and twin
plane, via the coalescence and/or martensitic transformation
of the Ti1−xZrxO2 condensates.
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ppendix A. Brownian rotation–coalescence of
rystallites on single crystal substrate

Experimentally, f.c.c. metal crystallites have been proved to
e able to migrate-rotate28 and coalesce29 on the free surface
f single crystal substrate regardless of the presence of surface
teps30 until low-energy epitaxial orientation with respect to the
ubstrate was reached. (Refer to Kuo and Shen31 for the retro-
pect of the experimental results and theoretical considerations
f Brownian-type rotation of non-epitaxial crystallites on single
rystal substrate.) Einstein’s molecular theory of heat, Eyring’s
ransition state model and frictional force at a viscous interface
ere successfully adopted to formulate the diffusivity equation
f the crystallite over the single crystal substrate.29,32 A criti-
al temperature (Tc) must be reached for anchorage release and
or the crystallites to move under a frictional force related to
nterfacial viscosity. In general, Tc is lower for smaller parti-
le size, and nanometer-size Au particles have been proved to
igrate-rotate and coalesce on KCl(1 0 0) substrate at 94 ◦C.28

ore recent annealing of the 〈1 1 1〉 textured films of gold

repared by thermal evaporation indicated that the individ-
al grains constantly rotate about the film normal.33 It was
uggested that each grain was free to rotate about an axis per-
endicular to the plane in the clockwise or counterclockwise
irection.
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2
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