Lotus Effect in Engineered Zirconia
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ABSTRACT

Patterned micro- and nanostructured surfaces have received increasing attention because of their ability to tune the hydrophobicity and
hydrophilicity of their surfaces. However, the mechanical properties of these studied surfaces are not sufficiently robust for load-bearing
applications. Here we report transparent nanocrystalline ZrO, films possessing combined properties of hardness and complete wetting behavior,
which are expected to benefit tribology, wear reduction, and biomedical applications where ultrahydrophilic surfaces are required. This

ultrahydrophilic behavior may be explained by the Wenzel model.

In recent years, the lotus effect' and self-cleaning surfaces”
have been investigated because of their scientific merit and
potential practical applications. Fabrication of hydrophilic
titanium oxide films has been reported; however, this
property disappears after a short time.? In this letter, we report
the growth of ultrahydrophilic and transparent nanocrystalline
cubic and mixed phase zirconium oxide (ZrO,) films
produced by ion beam assisted deposition (IBAD).*” This
nanostructurally stabilized chemically pure cubic phase has
been shown® to possess hardness as high as 16 GPa and a
bulk modulus of 235 GPa,® which is in good agreement with
a model calculation based on a projector augmented wave
first-principles method.® Furthermore, first-principles calcula-
tions*!? indicated that both the modulus and surface energy
of cubic ZrO, phase is larger than those for both monoclinic
and tetragonal phases.

The scientific community* has been actively pursuing the
study of IBAD for specific applications such as tribological
coatings, anticorrosion coatings, optical coatings, supercon-
ducting buffer layers, and coatings for temperature sensitive
substrates such as polymer. In this work, we have applied
IBAD to produce ultrahydrophilic surfaces by producing
well-defined nanostructures to increase the ratio!' of true
surface area to apparent surface area (Awue/Aapparent). IBAD
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(Figure 1) combines evaporation with concurrent ion beam
bombardment in a high vacuum environment. Energetic ions
(with a depth penetration of typically less than 20 nm) were
employed to produce engineered nanocrystals “stitched” to
a substrate (utilizing billions and billions of directed and
parallel ionic hammers). An ion beam can enhance film
adhesion'>"' in a number of ways by: (a) in situ removing
of monolayers of contaminants prior to deposition, (b)
increasing the reactivity of substrate/coating atoms, (c)
generating a nanoscopically rough surface (interface), (d)
increasing nucleation density, (e) increasing surface mobility
(at a nanoscale) of coating atoms, and (f) decreasing
formation of interfacial voids. Ion bombardment is also the
crucial factor for controlling other film properties such as
surface morphology,'® density,'®!7 stress level,'®!° crystal-
linity, grain size,2>?! grain orientation, and chemical com-
position.

The crystal structures and surface morphology of IBAD
71O, films produced at different deposition temperatures and
their relationship to their hydrophilicity were investigated
by transmission microscopy (TEM), atomic force microscopy
(AFM), and contact angle measurements. TEM studies on
these films revealed that these films are composed of
nanocrystallites. The average nanocrystalline grain size of
these films increases from 5 to 70 nm as the deposition
temperature increases from room temperature to 550 °C.
Tetrahedral structures on these ZrO, films can be observed
by atomic force microscopy (AFM). These structures become
very clear and distinct for samples produced at high
temperatures (Figure SI.1, Supporting Information). Close
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Figure 1. (a) IBAD system and (b) schematic. The process
combines physical vapor deposition (evaporation) with concurrent
ion beam bombardment to produce a wide range of nanocrystallites
and coatings.

examination of these tetrahedral structures indicates that they
possess 3-fold symmetry with axes symmetry perpendicular
to the surface, along the direction the ion beam used during
deposition. Both freshly prepared and aged (monitored up
to 1 year) nanostructured ZrO, films were maximally
wettable by water, demonstrating from zero to several
degrees contact angles (CA) with an effective surface
energy?>>* (SE) of 82 dynes/cm as compared to CA of about
50° and SE of 59 dynes/cm for conventional chemically
stabilized tetragonal phase of zirconia that are used for
orthopedic implant devices.? In addition, our contact angle
measurements on the smooth surface of commercially
available single crystal of yttria (21%) stabilized cubic ZrO,
also exhibits a contact angle of 50° for water. Higher
wettability is obtained by having a higher effective surface
energy, which is manifested by smaller contact angle.
Wenzel'! model proposes that by increasing the ratio of true
surface area to apparent surface area (Ae/Aapparent), ONE can
increase the wettability or increase the effective surface
energy. In practice, the actual surface area can be modified
to a desired surface morphology®® or texture by directed
(parallel) ion beam used in IBAD. By calculating the actual
surface area of the tetrahedral nanostructures observed by
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AFM and determining their ratio to the apparent surface area,
one can realize that this ultrahydrophilic behavior can be
explained by the Wenzel model.'!

Historically, the very low thermal conductivity (an order
of magnitude lower than steel) and relatively high thermal
expansion coefficient of zirconia makes it the ceramic
material of choice?’ for virtually all critical thermal barrier
coating applications. There are three phases?® (Figure SI.2,
Supporting Information) of zirconia: monoclinic, tetragonal
(e.g., stabilized zirconia), and cubic (e.g., diamond simulant
stabilized with about 20% impurities). Generally, pure
zirconia in nature is in the monoclinic phase at room
temperature. This phase is stable up to 1170 °C. Above this
temperature, it transforms into the tetragonal phase, which
then transforms into the cubic phase at above 2370 °C.
During the cooling period, there is a characteristic 3—5%
volume increase for the tetragonal to monoclinic phase
change® and similar behavior occurs for the cubic to
tetragonal phase change. During the cooling from high
temperature, stresses generated because of this volume
change cause cracks in pure zirconia ceramics that result in
breakage of pure zirconia into pieces when cooled back to
the ambient temperature.

One way to maintain stability of tetragonal and cubic
phases at room temperature is to add trivalent stabilizing
oxides such as Y,03, CeO,, MgO, and CaO to produce what
is known as partially stabilized zirconia (PSZ). However,
the mechanical properties of zirconia deteriorate with
increasing concentrations of stabilizing oxides* above 8%.
Formation of nanocrystalline cubic ZrO, with an average
15 nm grain size in powder form has been demonstrated by
sol-gel, ball milling, and other techniques.?'-33 The tetragonal
phase of zirconia has also been claimed for free nanocrys-
talline grains but with larger particle sizes.>*” However, it
is problematic and impractical to produce adherent hard
protective films utilizing ceramic powders.

The nanocrystalline ZrO, samples reported in this letter
were prepared by ion beam assisted deposition at the
Nanotechnology Laboratory of the University of Nebraska
Medical Center (Figure 1). The IBAD system (Mill Lane
Engineering, Lowell, MA) is composed of a Veeco 12 cm
RF ion gun that supplies ions at energies up to 1500 eV
with a total current density of 500 mA, which provides a
broad uniform ion beam of oxygen, nitrogen, and argon, a
DC ion gun with an ion density of 3 A at energies up to 150
eV, a thermal evaporation source, and a programmable sweep
multipocket for electron beam evaporation source. IBAD
experiments were carried out in an ultrahigh vacuum
environment at a base pressure of 1078 Torr. This is a unique
approach to produce single and multilayer films with
engineered surface properties that are not possible through
conventional techniques. Using this ion beam technique, we
can easily create a gradual transition (Figure SI.3, Supporting
Information) between the substrate material and the deposited
film with less built-in stress than other techniques. These
properties result in films with a much more durable adhesion
to the substrate even at room temperature. lon bombardment
also aids the production of stress-free films, eliminating
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stress-induced problems such as buckling, microcracking, or
peeling. It should be noted that although IBAD is applied to
fabricate films with nanocrystal grains, these nanograins are
not harmful®® to the environment because they are tightly
bound to each other and to the substrate and they are not
free to move around in nature.

Source material for deposition was 99.7% pure ZrO, with
a monoclinic crystal structure (lot number COIP41 Alfa
Aesar, Ward Hill, MA). ZrO, deposited onto silicon, glass,
quartz (for analytical testing), ultrahigh molecular weight
polyethylene, and metallic substrates. Evaporation rate rang-
ing from 1 to 4 A/s, ion species (O, N, and Ar ions or
mixtures), ion energy (0—600 eV), ion current density
(0—500 uA/cm?), and the substrate temperature ranging from
room to 550 °C (aided by resistance heater) were optimized
to produce ZrO, with specific nanograin structures. More
than 100 depositions under different ion beam deposition
conditions were carried out to produce nanostructured
zirconia with ultrahigh wettability, hardness, and optical
transparency. Rutherford backscattering spectroscopy (RBS)
with 2.275 MeV He?* beam and energy dispersive X-ray
(EDX) were applied to analyze the chemical composition
of zirconia films. EDX analysis, which was performed during
TEM measurements, demonstrated the presence of only
zirconium and oxygen.

The wetting behavior was observed by measuring the
contact angle of a deionized (DI) water droplet on the
surfaces of various nanocrystalline ZrO, samples using a
computer-controlled video contact angle (VCA) instrument
Optima XE from AST Product, Inc. A liquid droplet of 0.25
or 0.5 uL volume was dispensed from an automated syringe
and brought into contact with the sample surface. The contact
angle was then determined through video-image digitization
and numerical curve-fitting using the Laplace equation of
capillarity.”>?* Ten drops were analyzed on each test
component, with at least three test components for each
deposition. Determination of surface energy?>-** requires
contact angle measurements on the surface, using two or
more known fluids whose polar and dispersive components
are known. We have calculated the effective surface energy
of our coatings by the use of water and methylene iodide
and application of SE-2500 software (AST Product, Inc.).
This software can calculate surface energy based on either
of three different known models?>2* i.e., the harmonic,?
geometric,* and acid-base models.*' The surface morphol-
ogy and crystal structure of the ZrO, films were characterized
by atomic force microscopy (AFM), interferometry, X-ray
diffractometry (XRD), and transmission electron microscopy
(TEM).

Electron beam evaporation of elemental zirconium or
powder zirconia with concurrent ion beam bombardment at
room temperature resulted in formation of pure cubic phase
ZrO,. When elemental zirconium was used as a source
material, a stoichiometric ZrO, was obtained (within accuracy
of RBS) by a combination of oxygen bombardment and
oxygen backfill. However, when powder zirconia (white
color monoclinic ZrO, phase) was used as a source material
for electron beam evaporation, a transparent stoichiometric
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Figure 2. Proof of pure cubic zirconia, (a) electron diffraction and
(b) dark-field TEM image demonstrating formation of nanocrys-
talline ZrO,, with 5-8 nm size, at room temperature. Both (a) and
(c) X-ray diffraction data are consistent with cubic phase formation.
In particular, X-ray spectrum demonstrates an excellent fit for cubic
phase with an average grain size of 12 nm (x> = 1.43). (d)
Comparison of X-ray diffraction data from medical grade tetragonal
zirconia (blue) and nanocrystalline ZrO, (red). The Lorentzian fitted
cubic (400) peak (black) for the nanocrystalline ZrO, is estimated
at 74.26 £ 0.01°. This single peak provides absolute proof for
formation of cubic zirconia, see text for details.

ZrO, was obtained with all ions used, including oxygen and
a mixture of oxygen with argon and nitrogen. This is not
surprising because standard heat of formation (enthalpy) for
Zr0O, (—261.5 kcal/mol) is much smaller than that for ZrN,
which is (—87.3 kcal/mol*?). Zirconium metal is easily
oxidized and stoichiometric zirconia forms if there is
sufficient oxygen available. Furthermore, utilizing backfill
of ultrapure oxygen ensures formation of stoichiometric ZrO,.
On the basis of our experiments, metal-rich ZrO, films appear
gray or darkish, which is the result of inadequate availability
of oxygen during deposition.

Figure 2 shows the dark-field TEM image of a typical ZrO,
film deposited at room temperature using zirconia powder
and an ion beam at 150 eV, which demonstrates equi-axed
crystallites with dimensions of 5—8 nm. Grain size deter-
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Figure 3. (a) Typical dark-field image for nanostructurally stabilized
cubic zirconia with 5-8 nm size, (b) lattice fringes (actual
nanocrystal labeled with A, B, and C) in a bright-field image of
cubic zirconia.

mination was based on measuring the size of white/black
spots in several dark/bright*} field TEM images by a TEM
specialist and then in our laboratory using several printed
images such as Figure 3a. Figure 3b shows actual lattice
fringes from nanocrystalline cubic ZrO, observed in a bright-
field TEM image. Selected area electron diffraction (SAD)*
of the film, when correctly exposed, shows the pattern as
seen in Figure 2a. The observed pattern corresponds well to
a cubic structure. However, the cubic and tetragonal patterns
are very close and can be distinguished only from the
splitting of the rings. The splitting is more evident in the
high-order reflections. It can be stated that if the rings are
split, a tetragonal phase is present. A careful examination
of the high-order rings in a purposely overexposed SAD (not
shown here) showed no splitting. Therefore, one can see that
these results are consistent with that of the cubic phase of
ZrO,. Furthermore, the XRD spectra were compared to the
ICDD PDF cards* representing powder patterns of three
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polymorphs of ZrO,: monoclinic, tetragonal, and cubic. The
peak positions for samples deposited at room temperature
with a 150 eV ion beam match all the data for the cubic
phase (PDF no. 49-1642).* Even the most intense reflections
of the monoclinic phase, such as (111), are not apparent.

Although both SAD* (Figure 2a) and XRD (Figure 2¢)
results are consistent with the formation of cubic phase of
ZrO,, one may argue that these results do not provide an
absolute proof of pure cubic phase formation. This is because
the axial ratio, c/a, of the tetragonal phase** is in the range
of 1.01 and 1.02 and X-ray diffraction (XRD) patterns
associated with the cubic and tetragonal phases cannot easily
be distinguished especially because of broadening of lines
due to nanocrystalline structures. Recently, Lamas et al.,*6
in an elegant work, have shown that the (400) peak of cubic
zirconia phase split into the (400) and (004) peaks, which is
characteristic of the tetragonal phase. This separation is due
to the elongation of cubic zirconia along one of the three
equal axes of cubic fluorite type structures. It is interesting
to realize that separation of (004) and (400) lines of the
tetragonal phase zirconia is more than 1°.#6 Therefore, it can
provide solid proof of the cubic or tetragonal phase even in
nanocrystalline zirconia. The problem is that the (400)
reflection is rather weak. Thus Lamas*-*® applied synchrotron
X-ray diffraction studies for differentiating the tetragonal
phase from the cubic phase of nanocrystalline zirconia.
However, we have applied conventional X-ray diffractometry
using copper target generated X-rays with a Bruker general
area detector diffraction system (GADDS), which allows high
signal-to-noise XRD data collection. Figure 2d compares
X-ray diffraction spectra for room temperature IBAD
deposited nanocrystalline zirconia with a known chemically
stabilized tetragonal phase of zirconia used for medical
prostheses. The XRD spectrum of the tetragonal ZrO; clearly
shows the splitting of the (400) line into (004) and (400)
lines at 73.2° and 74.5° with intensities ratio of about 1:2.
However, the XRD spectrum of the IBAD nanocrystalline
sample shows only one (400) Bragg peak at 74.26°. This
spectrum clearly demonstrates the symmetric shape of this
Bragg peak from nanocrystalline zirconia and thus suggests
that it is unlikely a merged peak from the (004) and (400)
lines of the tetragonal phase due to the line broadening effect
caused by the small crystallite size of the nanocrystalline.
RBS spectra clearly demonstrated that cubic ZrO, films are
indeed stoichiometric.?

The requirement for the nanocrystalline coating is that it
should exceed the hardness of coated material because harder
materials possess higher wear resistance. However, the most
fundamental and essential property for any coating is
adhesion.'””!'> Any surface coating without good adhesion
is useless for practical application. Therefore, we apply
routine scratch tests to examine the adhesion of all our IBAD
coatings. We scratched the coatings with Mohs*” hardness
tester tools. Our minimum requirement for ZrO, coatings
was that it should not scratch or separate by Mohs number
7 (quartz) hardness testers, which is equivalent to 12 GPa.’
Furthermore, we have applied nanoindentation*®*® techniques
to measure hardness of our nanostructurally stabilized ZrO,
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Figure 4. (a) Contact angle of cubic zirconia. Contact angle of a
0.25 uLL water droplet on structurally stabilized nanocrystalline cubic
ZrO, film produced at room temperature and measured a few days
after deposition. A contact angle of 4 £+ 0.5° measured after 10
months, keeping the sample in a laboratory environment. (b) AFM
of the same sample, see larger and more clear nanostructures for
deposition at higher temperature shown in Figure 6.

samples. As it was recently reported,® we have measured a
nanohardness of about 16 GPa and a bulk modulus (239 +
12 GPa) for nanostructurally stabilized cubic zirconia thin
film. The measured bulk modulus is in good agreement with
a model calculation based on projector augmented wave first-
principles method (included in VASP package®) for chemi-
cally pure zirconia. We have found® that the bulk modulus
of the cubic phase (237 GPa) is considerably larger than the
bulk modulus of the monoclinic (155 GPa) and tetragonal
phases (189 GPa). Recently it was reported that there was a
nanohardness of 12.1 GPa for oxidized®! Zr-2.5Nb (mono-
clinic phase) and 15 GPa for stabilized tetragonal zirconia
phase. Furthermore, first-principles calculations®!? indicated
that that surface energy of the cubic phase is also larger than
both the monoclinic and tetragonal phases.'”

Figure 4 shows a typical contact angle result for a latter
sample taken a few days after deposition at room temperature
(January 15, 2004) that indicated a contact angle of about
5° for deionized water. Figure 4b demonstrates the AFM of
this sample, where we measured a roughness of about 7 nm.
Attempts have been made to monitor the effect of aging of
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the wettability of these samples. Latter samples kept in a
laboratory environment for approximately 10 months and
then remeasured (on October 13, 2004), without any cleaning,
obtained a contact angle of 4 £+ 0.5°. For several other
nanostructurally stabilized cubic pure ZrO, samples, the
relationship of contact angles and aging were also monitored
for about a year. As this manuscript was in the process of
preparation, we have again reexamined samples from 10
IBAD runs that were produced during the past 3 years; again,
our experiments confirmed the earlier results, i.e., total water
wettability. Furthermore, samples annealed at 400 °C were
measured for their contact angles where we have attained a
contact angle of about 10° (see Table 1). The contact angle
stability is consistent with our recent results that have
demonstrated® chemical stability up to 1000 °C and cubic
phase stability up to 850 °C for these samples.

In summary, IBAD nanocrystalline ZrO, films that were
produced at room temperature by a directed (parallel) ion
beam exhibited significant water wettability with strong
dependence on the deposition conditions. Typical nanostruc-
turally stabilized ZrO, wettability measured angles are in
the range of 0—10° in contrast to a set of ZrOy:

(I) Samples produced by sputtering technique have mea-
sured (under identical conditions) contact angles of about
50-=70°.

(IT) Well polished and smooth chemically stabilized tet-
ragonal zirconia phase (with microsize crystals and a
nanohardness of 15 GPa,® which are used as artificial
orthopedics implants) were studied to determine their contact
angles. An average contact angle of about 50° has been
measured® for statistically significant numbers of these
implant devices.

(III) The monoclinic phase of zirconia (oxidized Zr-
2.5Nb52 alloy’! with microsize crystals and a nanohardness
of 12 GPa%) is a stable phase at room temperature, where
again we have also measured? contact angles of 50° or more.

(IV) Commercially available chemically stabilized (21%)
transparent single crystal cubic zirconia exhibited a contact
angle of about 50°. We have measured a nanohardness of
few GPa for these materials. This is not surprising because
it is well-known that mechanical properties of zirconia are
dependent® on the concentration of stabilizing oxides and
mechanical properties deteriorate when concentration stabi-
lizing oxide is above 8%.%°

Figure 5 shows two images of advancing contact angles
selected out of 100 recorded frames (10 frames/s) for a ZrO,
film deposited at 375 °C. A zero contact angle can be
observed after 2.08 s of droplet deposition. To explain
the origin of wettability of our zirconia films, the surface
morphology of ZrO, samples was studied by AFM where
the presence of pyramidal nanostructures was observed.
These pyramidal surface structures are pronounced and
undisputable for samples deposited at temperatures at or
above 300 °C. A typical example of these structures
deposited at 375 °C is shown in Figure 6a. In Figure 6a and
other AFM images, triangular hillocks and occasional larger
triangular terraces are eminent. The diameters of the hillocks
or tetrahedral nanostructures in Figure 4a are in the range
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Table 1. Components of Contact Angle for 0.5 ul. Water Droplet Measured for a Nanostructurally Stabilized Cubic ZrO,

Annealed in Air at 400 °C

index (unit) left angle, deg right angle, deg

width, mm

height, mm area, mm?2 volume, uL.

mean 106 £ 1.8 106 +1.8

of 130-210 nm. The mean roughness (R,) is about 17 nm,
which is in good agreement with those obtained by an
interferometer for an area of 500 by 500 um?. In addition, it
appears that these tetrahedral structures possess 3-fold
symmetry but in plane rotational disorder. This symmetry
axis is typically along the direction of the ion beam used
during deposition. These tetrahedral structures were also
observable in TEM images; however, they became clearer
at higher deposition temperatures. Again, on the basis of
several dark-field images, the grain size of ZrO, film
deposited at 375 °C range from 10 to 60 nm (a typical
example is shown in Figure 6¢); as compared to the samples
deposited at room temperature, the latter samples have a
much larger grain size (about >5-10 times larger).

The finite AFM tip size (about 10 nm in diameter) leads
to the dilation of imaged features and thus underestimation
of the actual surface area for samples deposited at room
temperature with nanocrystallites of about 5—-8 nm. Therefore,
results with larger grains such as those shown in Figure 6a
are important for the estimation of actual surface area with
higher accuracy because the AFM tip convolution effect is
much reduced with imaged features much larger than the
AFM tip size. Thus, the calculated actual surface areas and
Wenzel ratios from these AFM data would be less under-
estimated and closer to the actual values.

X-ray diffraction measurements of samples deposited at
higher temperature indicated the formation of cubic structures
with some monoclinic and structures. These samples, kept
in ambient laboratory conditions and monitored by contact
angle measurements up to about 100 days after coating, also
exhibited contact angles of less than 5°.

We applied the Wenzel model'! to explain the ultrahy-
drophilic properties of the zirconia films. The contact angle
@ measured on a rough or nanostructurally designed textured
surface is related to the equilibrium Young angle 6 (for an
ideally smooth surface) through the Wenzel relation: cos ¢
= rcos 0 or cos(Oapparen) = 7 €08(Oyoung). The r is the ratio
of the true wetted area to the apparent area (Figure 7).
Wenzel’s result was derived for idealized rough surfaces by

(a) (b) u

50
_‘/—/_/—-

Figure 5. Video camera image of contact angle of zirconia showing
the spreading of a 0.25 4L water droplet on a nanocrystalline ZrO,
film produced at 375 °C. After the droplet was brought in contact
with the surface, the total time for the droplet to spread was 2.08 s.
Afterward, the contact angles measured for time frames (a) t =
1.75 s and (b) 2.08 s are 5° and 0°, respectively.

Nano Lett,, Vol. 8, No. 4, 2008

3.0+ 0.2

0.14 + 0.02 73+1.1 0.52 +£0.15
Johnson and Dettre>? and Dettre and Johnson.>® The essence
of the theory is that apparent contact angle on the rough
surface is connected with the contact angle of a smooth
surface (Young’s angle). It means that at some critical
Young’s angle, the cosine of the apparent angle will be 1,
i.e., the apparent contact angle is zero. It is a condition of
complete wetting or wicking. Wenzel’s ratio indicates strong
modification of the apparent contact angle compared with
the one on the smooth surface such as surface single crystal
ZrO,. When the Young’s angle 6 is less than 90°, based on
the Wenzel relation, the contact angle on the nanostructurally
designed surface should be smaller than the contact angle
on the smooth surface. On the other hand, when the Young’s
angle 6 is greater than 90°, again based on the Wenzel
relation, a rough surface became hydrophobic, similar to lotus
leaves. In other words, Wenzel’s ratio acts as a factor to
amplify the hydrophobic or hydrophilic properties. To our
knowledge, the contact angle of pure cubic or pure tetragonal
zirconia have not been measured mainly because cubic and
tetragonal zirconia have been produced in loose nanopar-
ticles.

We have performed measurements of contact angle on the
smooth surface of single crystal commercially produced yttria
stabilized cubic ZrO, and well-polished smooth chemically
stabilized tetragonal zirconia of orthopedics implants that
exhibited® contact angles of about 50° and 55°, respectively.
On the basis of these measurements and absence of these
materials in pure form, we assume that the contact angle for
pure and smooth surfaces should be the same as those
measured for chemically stabilized phases (i.e., about 50°).
Therefore, we use 50° as a reference contact angle, i.e.,
Young’s angle 6 for Wenzel relation. From above Wenzel
equation, the critical Wenzel’s ratio at which complete
wetting occurs is 1.55 (r = co0s(50°)~!" where rcos 50° =
cos 0 = 1). Using large number AFM images, we have
estimated actual surface area that Wenzel’s ratio is in range
of 1.5—2.7. Obviously ultrahydrophilic properties of these
surfaces indicate that the Cassie—Baxter®* model (frequently
employed for hydrophobic rough surfaces) is not applicable
to these particular nanostructured materials. The complete
wetting conditions obtained by Wenzel’s equation (which
describes equilibrium contact angle) are supported by free
energy analysis of the droplet on the surfaces, mimicking
experimental results.

In summary, we have produced by IBAD process, dense,
hard,® and adherent nanocrystalline zirconia. SAD** and
X-ray diffraction results clearly show the presence of only
cubic phase zirconium oxide for samples deposited at room
temperatures. lon beam bombardment is essential to produce
pure cubic phase as physical vapor deposition alone resulted
in the formation of mixed phases. For deposition at a higher
temperature (e.g., 400 °C), the presence of monoclinic phase
appeared in conjunction with cubic phase. The absence of a
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Figure 6. Images of zirconia showing pyramidal nanostructures.
(a) AFM Image of the ZrO, film shows tetrahedral structures with
3-fold symmetry but in plane rotational disorder, deposited onto a
silicon substrate. The z-scale is 200 nm/div. The measured mean
roughness (R,) of 1 um? is about 17 nm. (b) A typical bright-field
TEM image also showing tetrahedral structures. (c) A typical dark-
field TEM image of ZrO, deposited at 375 °C, showing 30-60 nm
nanocrystallites. See text for details.
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Figure 7. Theoretical modeling of contact angle for zirconia.
Theoretical calculation of water contact angles, Calculation of angles
on nanostructured ZrO, film as a function of the Wenzel’s ratio
(r). Inset: theoretical apparent contact angle model. Angle ¢ is
apparent contact angle and 6 is Young’s contact angle of the smooth
surface.

chemical stabilizing agent and the absence of porosity, which
is a consequence of ion beam bombardment, resulted in
hardness of the cubic phase of zirconia. As we have shown®
recently, the hardness of nanostructurally stabilized cubic
ZrO, is about 16 GPa versus few GPa for commercially cubic
zirconia with 21% chemical stabilizer. This is because the
mechanical properties of zirconia deteriorate with increasing
concentrations of stabilizing oxides® above 8%. It should
be noted once more that conventional cubic and tetragonal
zirconia with micrograin are not stable at room temperature
and require up to 20% chemical stabilizer to prevent breakage
due to phase transformation during cooling period.

We have also demonstrated fabrication of ultrahydrophilic
pure nanocrystalline cubic zirconium oxide films that possess
a complete wetting to water. Excellent wetting properties
and larger effective surface energy of these samples are
partially due to a large apparent tetrahedral surface area,
which yields a hydrophilic surface with complete wetting.
It is apparent that directed (parallel) ion beam bombardment
is essential to produce hydrophilic surface as compared to
samples produced by the sputtering technique (with multi-
directional ion bombardment), which rendered contact angles
of about 50° or higher. The ultrahydrophilic property was
explained by the Wenzel model,!! i.e., large ratio (1.5—2.7)
of actual surface area to apparent surface area. In contrast
to titanium oxides? that show zero contact angles for a short
time, our aged nanocrystalline zirconia films maintained high
wettability over increased length of time. The combination
of hardness and wettability of ZrO, film will have important
implications for asymmetric (hydrophilic—hydrophobic)
articulating surfaces such as a Janus Interface® with a
hydrophilic surface on one side to contain the lubricant and
a hydrophobic surface on the other side to force it (lubricant)
away. While the hydrophilic surface maintains the lubricant,
the hydrophobic surface creates a low-viscosity boundary
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between the hydrophobic surface and lubricant,> therefore
producing a low friction condition.

Because of the possibility of room temperature deposition
of ultrahydrophilic cubic ZrO,, all material including polymer
can be coated with excellent adhesion and without degrada-
tion to the substrates. Therefore, it may also have implica-
tions for biomedical application where an ultrahydrophilic
surface is required such as DNA microarray,> tissue engi-
neering,”’ and cell adhesion and proliferation.’>
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