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Reactive wetting of rutile by liquid aluminium

S. AVRAHAM, W. D. KAPLAN
Department of Materials Engineering, Technion-Israel Institute of Technology, 32000 Haifa,
Israel

Sessile drop wetting experiments of liquid Al on polycrystalline rutile (TiO2) were
conducted in the 973–1273 K temperature range under a low total pressure (∼9.3 × 10−3 Pa,
Ar) and a low oxygen partial pressure (<1.33 × 10−7 Pa), as a function of temperature and
time. A non-wetting (∼150◦, 973 K, t > 120 min.) to partial wetting (∼85◦, 1273 K, 50–60 min.)
transition reflects reactive wetting characteristics. Microstructural investigations of the
metal-ceramic interface shows that TiO2 is reduced by liquid Al, resulting in the formation
of Al2O3. The steady-state contact angle at 1273 K of Al on α-Al2O3 and Al on rutile are very
similar, and the role of Ti segregation is minimal. It appears that spreading of the Al drop
on TiO2 is governed by the reduction reaction at the solid-liquid interface. The measured
activation energy corresponds well to the activation energy for volume diffusion of Al, Ti
and O in rutile and the volume diffusion of Al in polycrystalline α-Al2O3.
C© 2005 Springer Science + Business Media, Inc.

1. Introduction
Wetting of ceramics by liquid metals is scientifically
and technologically important, and is influenced by a
large variety of parameters [1]. The wetting of ceramic
phases by liquid metals is a crucial factor during the
production of metal-ceramic composites [2, 3]. The
wettability of a solid surface is often studied by the
measurement of the contact angle, θ , between a liq-
uid drop and the substrate at the three-phase (vapour-
liquid-solid) triple junction (see Fig. 1). γsv, γlv and γsl
are the surface energies for solid-vapour, liquid-vapour
and solid-liquid interfaces, respectively, and are related
via Young’s equation:

cos(θ ) = γsv − γsl

γlv
(1)

Wetting can be divided into sub-categories: non-
reactive and reactive. A system is considered non-
reactive when mass transfer through the interface is
limited and has no (or little) effect on the inter-
facial energies. Wetting is denoted reactive when a
phase is formed as a consequence of interfacial reac-
tions. Two spreading mechanisms are usually consid-
ered: diffusion-limited spreading and reaction-limited
spreading. In diffusion-limited spreading [1], reactions
at the triple line are rapid and the supply of reactants
to the triple line is the rate limiting factor. Spreading
of a drop is regarded as reaction-limited spreading [1]
when diffusion in the drop is fast, the composition of the
drop is constant, and a steady triple line configuration
is achieved.

The aim of the present work is to gain basic knowl-
edge about the characteristic wetting behaviour of liq-
uid Al on rutile (TiO2) in the 973–1273 K temperature
range and the nature of the interface reactions that are
expected to take place during reduction of TiO2 by Al.

2. Experimental methods
2.1. Materials
Pure Al was used for the wetting experiments
(CERAC, 99.999%). Al cubes (∼50 mg) were polished
with a diamond suspension (6 µm surface finish). The
resulting sample was cleaned with acetone (technical
grade) and ethyl alcohol (95%, practical) in an ultra-
sonic bath. Chemical etching was conducted by dipping
the sample in a NaOH 6.25 M solution for 1 min. The
etching process was halted by suspending the sample
in distilled H2O for 30 min.

The polycrystalline TiO2 (rutile) substrates for wet-
ting experiments were acquired from CERAC Inc.
(99.9% purity). The rutile tablets were sliced using a
diamond disk blade to a final thickness of ∼1.5 mm.
The samples were polished using a diamond suspen-
sion (0.25 µm surface finish). The resulting substrate
was cleaned with acetone (technical grade) and ethyl
alcohol (95%, practical). The substrates were heated
to 1103 K in a quartz tube furnace in room atmo-
sphere for 30 min. This step was applied in order
to clean the substrates from any organic contamina-
tions. X-ray diffraction analysis confirmed that the
crystallographic structure of substrate phase was TiO2
(rutile).

2.2. Wetting experiments
The controlled wetting experiments were conducted in
an ultra-high vacuum (UHV) furnace (SURFACE, Ger-
many). The system consists of tungsten heating ele-
ments located in a UHV chamber.

The samples were placed on a special storage plat-
form in the UHV chamber (the temperature of the fur-
nace does not affect this section). The UHV cham-
ber was sealed and evacuated to a final pressure of
1.33 × 10−5 Pa. Ar gas (99.999%) was introduced into
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Figure 1 CCD images acquired at the end of the wetting experiments. The pattern on the drop surface is a reflection of the heating elements.

the chamber (0.13 Pa) and the furnace was heated to
1373 K for 60 min. and cooled to room temperature.
Surface oxides were sputtered off the solid Al surface
prior to wetting using Ar ion sputtering (1.5 kV). This
procedure was applied to all six faces of the Al cubes.
During the sputtering stage the chamber pressure was
kept at 1.33 × 10−3 Pa. After sputtering the Al sample
was placed with the substrate on the furnace stage with-
out breaking vacuum. The furnace was heated to the ex-
perimental temperature (20 K/min.) while the chamber
pressure was kept at 9.3×10−3 Pa. The partial pressure
of oxygen was monitored (<1.33 × 10−7 Pa) using a
micropole residual gas analyzer system equipped with
an atomic mass spectrometer. Images of the liquid Al
drop were recorded in-situ as function of temperature
and time via a quartz window. A CCD camera (Avenir,
Japan, 150 DPI resolution) was used to record images of
the metal drops. Wetting experiments were conducted
at 973, 1073, 1173 and 1273 K. The dwell time at each
temperature was 2 h. The CCD images were acquired
every min during the first five min, and then at five min
intervals until the end of the experiment. The contact
angle was determined from the images according to ge-
ometrical relations [4]. The size of the drops was small,
in the order of millimetres, thus the effect of gravity was
negligible.

2.3. Characterisation methods
The microstructure of the samples was investigated us-
ing atomic force microscopy (AFM) and scanning elec-
tron microscopy (SEM). AFM was used to characterize
the substrate roughness after polishing. AFM was con-
ducted using an Autoprobe CP (Park Scientific, USA).
The microscope was operated in contact mode.

Samples for SEM cross-section were mounted in
epoxy resin to limit fracture at the metal-ceramic in-
terface during specimen preparation. The specimens
were prepared by diamond disk cutting and diamond
polishing of the cross-section (0.25 µm surface finish),
followed by carbon coating to prevent charging in the
SEM. No etching process was applied. SEM was con-
ducted using a FEI XL-30 microscope, equipped with

an energy dispersive spectrometer (EDS) (6506, Ox-
ford Instruments, UK) for microanalysis of the sample
(elemental detection limited to Z > 4). The accelerating
voltage during the analysis was 10 kV and the working
distance was 10.5 mm. High resolution SEM was con-
ducted using a LEO 982 Gemini microscope equipped
with a Schottky electron source at an accelerating volt-
age of 3 kV and working distance of 3–5 mm.

3. Results
3.1. Wetting behavior of Al on TiO2
SEM and AFM analysis of the rutile substrates used for
wetting showed that open porosity and surface cracks
were evident. The RMS roughness of the sample and
average roughness of the substrates were 0.147 µm and
647 Å, respectively.

Fig. 1 presents optical CCD images of the liquid Al
drop on the rutile substrate acquired after two hours at
the experimental temperatures. Fig. 2 summarizes the
contact angle as a function of temperature and time. At
973 K the contact angle seems to be rather constant,
stabilizing after 120 min at ∼150 ◦. The contact angles
from experiments conducted at 1073 and 1173 K re-
flect the characteristics of reactive wetting. The contact
angle steadily decreases, but no steady-state contact an-
gle value was reached during the experimental period
(120 min.). The contact angle at 1273 K presents all the
characteristic stages of reactive wetting. The initial con-
tact angle (124◦) rapidly decreases, and after 80 min. a
steady-state contact angle value is reached (∼86◦).

The change in contact angle as function of time at
973 and 1073 K corresponds to a linear behaviour, but
at higher temperatures (1173 and 1273 K) the contact
angle decreases exponentially. These features fit well
with reactive wetting characteristics [5]. It should be
noted that the experimental measurement error in the
contact angle evaluation was ±1.5◦.

Fig. 3 presents the change in the drop base ra-
dius as a function of the experimental temperature
and time. At low temperatures (973 and 1073 K) the
triple line velocity is constant with time (9.5 × 10−3

and 27.6 × 10−3 µm/sec, respectively), thus it can
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Figure 2 Variation with time of the liquid-solid contact angle.

Figure 3 Variation of the drop base radius with time and temperature.

be stated that spreading of the drop at these temper-
atures is controlled by the rate of the reaction at the
liquid-solid interface [6]. At 1173 K the drop base ra-
dius variation with time is composed of a short linear
stage (t < 40 min), followed by a decaying exponen-
tial increase of the drop base radius. Analysis of the
liquid-solid interface at 1073 and 1173 K showed that
the decaying exponential stage is related to the forma-
tion of Al2O3 at the Al-TiO2 interface. The spreading
rate of the drop reaches 49.08 × 10−3 µm/sec (after
120 min. steady-state is not achieved).

The experimental results acquired at 1273 K present
all the characteristics of reactive wetting. The drop
base radius variation with time is composed of a
brief period (t < 15 min) of linear spreading kinetics,
followed by a decaying exponential increase of the
drop base radius. After 100 min the spreading rate
stabilizes at 20 × 10−3 µm/sec.

3.2. Microstructural analysis
Fig. 4a presents a top view, secondary electron (SE)
SEM micrograph of the Al drop from the 973 K wetting
experiment. An alumina scale which is confined to the
top of the drop is visible (confirmed by EDS). The alu-
mina layer occupied only the top of the metallic drop,
thus minimizing the effect of the oxide scale on the ap-
parent contact angle. The grooves that are apparent in
the micrograph are associated with Al grain boundaries.
Fig. 4b presents a top view SE SEM micrograph of the
Al drop from the 1273 K wetting experiment. No ma-
jor oxide scales are visible. The thickness of the natural
oxide scale on pure Al formed at temperatures above
573 K is ∼300 Å [7]. The total weight change due to
evaporation of aluminium or the formation of Al2O3
could not be detected, being below 0.001 g. Laurent
et al. [8] discussed in detail the reduction of Al2O3 to
gaseous Al2O by liquid Al at high temperatures and low
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Figure 4 (a) SE SEM micrograph of the Al drop (973 K) and (b) SE SEM micrograph of the Al drop (1273 K).

Figure 5 BSE SEM micrograph of the Al drop-substrate interface (1273 K).

oxygen partial pressures, which prevents a continuous
oxide scale from forming on the liquid drop.

Fig. 5 presents a cross-section backscattered electron
(BSE) SEM micrograph of the Al drop-substrate inter-
face area (1273 K). Points 1–4 indicate the location
of quantitative EDS spot analysis. A continuous layer
(∼0.5 µm thick) has evolved at the interface, and within
cracks in the vicinity of the interface. The composition
of the interface layer (with a dark contrast) corresponds
to Al2O3. The interface measurements (points 3 and 4
in Fig. 5) have an increased Al content and reduced O

content compared to stoichiometric Al2O3, due to the
interaction of the electron beam with the adjacent bulk
Al. The measured composition within the cracks (points
1 and 2 in Fig. 5) has a slightly lower Al concentration
(and an increased Ti concentration) compared to bulk
Al2O3, due to the interaction of the electron beam with
the adjacent bulk TiO2. These results are not surprising,
since the formation of α-Al2O3 is expected as a result
of the reduction of TiO2 by liquid Al [9, 14].

EDS line-scan (interface) analysis of the 973 K
wetting couple did not detect an oxygen-rich layer.
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Figure 6 Top view SE micrograph of the Al drop-substrate area (1273 K).

Probably due to thermal expansion coefficient dif-
ferences, the metal-ceramic interface was cracked.
This did not occur for other samples. EDS line-scan
measurements of the 1073 and 1173 K wetting couples
showed the presence of an oxygen-rich layer. HRSEM
analysis showed the presence of an interface layer. The
thickness of the interface layer formed at 1073 and
1173 K was 0.16 and 0.3 µm, respectively.

Fig. 6 presents a top view SE-SEM micrograph of the
outer perimeter of the Al drop on the substrate surface
from the 1273 K experiment. It appears that a thin layer
of Al2O3 is located at the perimeter of the solidified
Al drop. The presence of an Al2O3 layer far from the
drop perimeter can be attributed to surface diffusion or
evaporation-condensation of Al that is followed by the
reduction of TiO2.

4. Discussion
4.1. Interface reaction
TiO2 is reduced by aluminium according to the follow-
ing reaction [9]:

3TiO2 + 13Al → · · · → 3Al3Ti + 2α-Al2O3 (2)

This reaction is generalized due to the fact that it is
divided into sub-reactions that take place in the solid
and liquid phase over a wide temperature range. The
reduction reaction results in the formation of α-Al2O3
and Al3Ti (based on XRD) [9].

The formation of α-Al2O3 results from the reduction
of rutile by Al. An expected product is the formation of
a titanium-aluminium intermetallic (Al3Ti). The atomic
concentration of titanium in the Al drop was calculated
to be ∼0.03 at.%, which is based on the thickness of
the Al2O3 layer measured by HRSEM and Al drop base
dimensions measured according to the CCD images
(and the density of Al at 1273 K). Analysis of the Al-
rich part of the Al-Ti phase diagram [10] shows that the
maximum Ti solubility limit in Al at 1273 and 873 K
is ∼1.5 and 0.1 at.%, respectively.

Thus it is clear that aluminium can easily dissolve
0.03 at.% titanium. Segregation of Ti to the solid-liquid
interface should result in a decrease of the contact an-
gle [11], unless this is compensated by segregation to

the liquid free surface (and possibly the solid substrate
surface). This probably does not occur to a significant
amount, based on the similarity between the measured
contact angles for Al-TiO2 and Al-Al2O3 at 1273 K
[4, 8]. The reduction reaction of TiO2 by Al results in
the formation of Al2O3 and the dissolution of Ti atoms
in the liquid Al:

4Al(l) + 3TiO2(s) → 2Al2O3(s) + 3Ti(l) (3)

The contact angle of pure metals (Pt, Au, Ag, Cu and
Ni) on Al2O3 at high temperatures can be significantly
lowered by the addition of small amounts of Ti into the
melt [11]. The improved wetting behaviour is attributed
to the formation of titanium oxides (TiO and Ti2O3) or
segregation of titanium at the liquid-solid interface [11],
while the exact mechanism is currently a subject of de-
bate [12]. The oxygen that is released during reduction
of TiO2 by liquid Al is consumed by the formation of
α-Al2O3. The Gibbs energy of formation of α-Al2O3 at
1273 K (�G1273◦K = −1270.95 KJ/mol) [13] is much
lower than that of TiO (�G1273◦K = −421.2 KJ/mol)
[13], thus the formation of α-Al2O3 is preferred over
the formation of TiO.

Sobczak et al. [14] measured the final contact an-
gle between Al and titania by a sessile drop method in
vacuum after 2 h at 1173, 1273 and 1373 K. The mea-
sured contact angles are: 96◦, 80◦ and 64◦, respectively.
Al2O3 was detected as an interface layer at the solid-
liquid interface and as precipitates (<20 µm in size) in
the vicinity of Al-TiO2 interfaces and Al-Al2O3 inter-
face [14] formed from sessile drop wetting experiments.
The formation of the Al2O3 precipitates was attributed
to dissolution-precipitation mechanism of Al2O3 [14].
These kinds of precipitates were not detected in low
oxygen partial pressure wetting experiments of Al on
Al2O3 [4] and in this study. The non-wetting to wetting
transition in the Al-Al2O3 is motivated by the forma-
tion of an oxygen rich layer that lowers the solid-liquid
interface energy [4]. The discrepancy between the
observations can be attributed to the possible difference
in the partial pressure of oxygen, which was not mea-
sured by Sobczak et al. [14]. Diffusion of oxygen from
the system chamber takes place along the solid-liquid
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interface [4] and results in the formation of the Al2O3
precipitates that were observed by Sobczak et al. [14].

4.2. Variation of the contact angle with time
The wetting behaviour of Al on TiO2 (rutile) that was
observed shows the characteristics of reactive wetting.
The final (after 120 min.) drop shape is perfectly spher-
ical (see Fig. 1). This is in contrast to the drop shape
and advancing contact angle during the initial stages
of spreading. The advancing angle is higher than the
steady-state angle at 973 K, probably due to the geo-
metrical effect of the substrate surface roughness at the
triple line [1].

From wetting experiments at 973 K it was concluded
that the contact angle is constant (θ ∼ 150◦) within
the time-frame of the experiment. No reaction product
was detected by HRSEM at the liquid-solid interface.
The metal-ceramic interface contained cracks, which
apparently resulted during cooling of the sample due
to the relatively high thermal expansion coefficient of
Al compared to that of the TiO2 substrate (at room
temperature 23.5 > 7.4 [10−6K−1]) [15, 16]. The ap-
parent lack of reaction at the interface is strengthened
by the difference between the recorded contact angle
(θ ∼ 150◦) and the contact angle between Al and alu-
mina (θ ∼ 103◦) at 933 K [8]. Thermal analysis by Feng
et al. [9] showed that a reduction reaction is expected
between Al and TiO2 at 973 K. The lack of apparent
reaction products is attributed to the rather short experi-
ment time (2 h) and relatively low temperature (973 K)
compared to typical diffusion couple experiments. In
addition the contact area (solid-liquid interface of the
sessile drop) is relatively small compared to the contact
area between the powders used during thermal analysis
experiments [9].

At 1073 and 1173 K the characteristics of reactive
wetting are apparent. There is a steady decrease of the
contact angle, but no constant value was achieved dur-
ing the experimental period. The measured steady-state
contact angle after 2 hours at 1173 K is similar to that
measured by Sobczak et al. [14]. EDS analysis of the
Al-substrate interface area showed evidence for the for-
mation of an Al-Ti oxygen rich layer. The steady de-
crease of the contact angle is attributed to the formation
of Al2O3. The apparent contact angle during reactive
wetting of heterogeneous surfaces is governed by the
surface area fraction of the different phases underneath
the liquid drop [17].

An intermediate steady state contact angle value was
achieved at 1273 K after 50–80 min. (θ = 86◦), when
the spreading time is a direct consequence of the slow
rate of the reaction. As previously stated, the product of
the reaction at the Al-rutile interface was Al2O3. Thus
the wetting of Al on rutile at 1273 K (t > 120 min.) takes
place on a thin Al2O3 layer (∼0.5 µm) that was formed
by the reduction of rutile. Sessile drop measurements
of the contact angle of liquid Al on α-Al2O3 (sapphire)
showed a non-wetting to partial wetting transition (Ar
total pressure ∼4 × 10−5 Pa, P(O2) ∼ 1 × 10−15 Pa)
[8]. The contact angle decreased linearly from 106 ± 6◦
(at 973 K) to 86 ± 6◦ (at 1273 K). The steady state
contact angle of Al on Al2O3 (sapphire) stabilized at

85◦ (1273 K, Ar total pressure 1.33×10−5 Pa, P(O2) <

1.33×10−7 Pa) [4]. The measured steady-state contact
angle after 2 h at 1273 K is higher (86◦ > 80◦) than
that observed by Sobczak et al. [14]. The difference in
contact angle can be attributed to a possible difference
in oxygen partial pressures, which can influence the
solid-liquid interface energy [4].

The exponential decrease of the contact angle de-
pends on the steady-state contact angle (θF) and initial
contact (θ0) angle [5]:

cos θF − cos θ = (cos θF − cos θ0) exp(−K t) (4)

The constant K depends on the kinetic reaction constant
(Kd) and the difference in chemical potential (�µ) for
the reduction reaction [5]:

K = Kd P�µ (5)

where Kd = K 0
d exp(−�E

RT ), and �E is the activation
energy for the reduction of TiO2 (3). The constant P is
related to the molar volume of the reaction product (α-
Al2O3) [5] and the reaction layer thickness at the liquid
drop perimeter [5]. The dependence of the difference
of chemical potential (�µ) with temperature (6) for the
reduction of TiO2 by Al (3) can be evaluated according
to Dezellus et al. [5]:

�µ = RT ln

(
aAl

o

aα−Al2O3
o

)
(6)

Due to the low solubility of oxygen in liquid Al (10
at. ppm at 1573 K and 0.3 at. ppm at 1273 K) [18],
the activity of oxygen in Al aAl

o was set as 0.3 at. ppm
for the whole temperature range. The activity of oxy-

gen in α-Al2O3, aα-Al2O3
o = exp (�G

α-Al2O3
f

RT ), was calcu-
lated from the Gibbs energy of formation of α-Al2O3

in the 973–1273 K temperature range (�Gα-Al2O3

f =
323.5T − 1681600 [J]) [13].

Fig. 7 presents the logarithmic plot of cos(θF)-cos(θ )
as a function of time for Al on TiO2 at the different tem-
peratures. The steady state contact angle was taken as
θF = 85. The contact angle values that were measured
at 1273 K after 60 min were not taken into account due
to the fact that the contact angle approaches a steady-
state value and thus the reaction at the liquid-solid in-
terface diminishes. From Fig. 7 it can be seen that the
linear fit is good, thus validating the use of Equation 4.
The slope of the linear fitting represents the constant K.

The activation energy for the reduction of TiO2 (3)
can be estimated by an Arrhenius plot of ln(K/�µ)
as function of 1/T (Fig. 8). The activation energy
of the kinetic reaction constant (Kd) is estimated as
∼3.43 × 10−19 (JK−1atom−1), with an apparent error
of ∼0.25 × 10−19 (JK−1atom−1). The activation en-
ergy for the reduction of anatase (TiO2 polymorph)
by a molten A356 Al alloy was found to be 4.74 ×
10−19 (JK−1atom−1) [19]. The effective activation en-
ergy measured for the inter-diffusion of Al, Ti and O
through a rutile layer was found to be 4.90 × 10−19

[JK−1atom−1] [20]. The activation energy for volume
diffusion of Al in polycrystalline Al2O3 is 4 × 10−19
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Figure 7 Logarithm of cos(θF)-cos(θ ) as function of time for Al on TiO2 at the different temperatures.

Figure 8 Arrhenius plot of ln(K/�µ) as a function of 1/T .

(JK−1atom−1) [21]. The similarity of the values with
the measured activation energy from Al-TiO2 wetting
experiments suggests that the reduction of TiO2 by Al
is governed by the diffusion of reactive species (Al, Ti,
O) through the newly formed Al2O3 layer.

Due to the fact that the Gibbs energy of forma-
tion of α-Al2O3 in the 973–1273 K temperature range
does not vary considerably with temperature [13], the
change in the chemical potential driving force (�µ)
could have been assumed to be constant with temper-
ature. In this case the activation energy of the kinetic
reaction constant (Kd) is estimated as ∼3.37 × 10−19

(JK−1atom−1), with an apparent error of ∼0.25×10−19

(JK−1atom−1). The two activation energy values are
within the experimental error range, thus it can be stated
that �µ is constant in the 973–1273 K temperature
range.

5. Summary and conclusions
The characteristic wetting behaviour of liquid Al on ru-
tile in the 973–1273 K temperature range was examined
in detail. The interface reaction between Al and rutile
results in the reduction of rutile and the formation of
Al2O3. The Ti content in the Al drop was calculated to
be lower than the solubility limit of Ti in solid Al.

At 973 K the contact angle is constant (θ ∼ 150◦).
At higher temperatures reactive wetting was observed.
A steady state contact angle value of θ = 85◦ was
achieved at 1273 K after 120 min. which corresponds to
the contact angle between Al and α-Al2O3 at 1273 K.
The role of Ti segregation at the Al-Al2O3 interface
seems to be minimal.

Spreading of the Al drop on TiO2 is governed by
the reduction reaction at the solid-liquid interface.
The activation energy of the kinetic reaction constant
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is estimated as ∼3.43 × 10−19 (JK−1atom−1). The
measured activation energy is of the order of magnitude
of the effective activation energy measured for the
inter-diffusion of Al, Ti and O through a rutile layer
and for volume diffusion of Al in polycrystalline
Al2O3.
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