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This paper examines the correlation between mechanical properties and the density,

Abstract

phase, and hydrogen content of deposited alumina layers, and compares them to those of
sapphire and amorphous alumina synthesized through ion-beam irradiation of sapphire. Alumina
films were deposited using electron beam evaporation of aluminum and co-bombardﬁent with
0" jons (30-230 eV) from an electron cyclotron resonance (ECR) plasma. The H content and
phase were controlled by varying the debosition temperature and the ion energy. Sapphire was
amorphized at 84 K by irradiation with Al and O ions (in stoichiometric ratio) to a defect level of
4 dpa in order to form an amorphous layer 370 nm thick. Nanoindentation was performed to
determine the elastic modulus, yield strength and hardness of all materials. Sapphire and
amorphized sapphire have a higher density and exhibit superior mechanical properties in
comparison to the deposited alumina films. Density was determined to be the primary factor
affecting the mechanical properties, which showed only a weak correlation to the hydrogen

content.
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1. Introduction

Ion implantation is known to modify the surface propertieé of materials and is often used
to improve mechanical performance [1-4]. However, limitations imposed by the ion-
implantation range have motivated an alternative approach for making thick layers with
improved properties by combining deposition of films with ion irradiation. Deposited films,
however, often have poorer mechanical properties than implanted bulk substrates [5-9].

Implantation of sapphire at room temperature creates line defects which may contribute
to strengthening, or introduces impuﬁty atoms which can cause strengthening of tt}e sapphire
surface through solid solution or precipitation strengthening. In fact, Mc'Hargue [2] showed that
implanting Cr at room temperature increases the hardness of (0001) sapphire by a factor of 1.55.
For samples implanted at 77 K, the hardness initially increased with the formation of defects up
to the point where the sapphire was amorphized and then the hardness decreased markedly to
60% of the hardness for unimplanted sapphire (~30 GPa). In comparison, Zywitzki et al. [5,9]
and Schneider et al. [8] both determined that the hardness of deposited alumina films was
strongly dependent upon the deposition temperature and phase formed. The crystalline phases
(gamma, kappa, and theta phases) had hardnesses between 19 and 22 GPa, whereas the
amorphous phase had a lower hardness. Finally, Dienst [10] examined the mechanical properties
of neutron-irradiated single crystal and polycrystalline a-alumina and found that a small
reduction in the elastic modulus and a decrease in fracture strength were correlated to a volume
increase (density decrease) under irradiation. Ion irradiation of bulk sapphire is also known to
produce a volume expansion [11,12], creating a residual compressive stress in the implanted

layer. An improved understanding of the relationship between the structural properties and
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mechanical properties of thin film alumina in comparison to bulk sapphire is needed in order to
improve the properties of the films for wear resistanf coatings.

This paper is the first to compare the mechanical properties of irradiated bulk alumina to
deposited alumina films in an effort to identify unifying principles governing their mechanical
properties. Several differences can be found between bulk alumina and thin alumina films,
including: the phase [5, 8-9], density and hydrogen content [12]. These three parameters were
varied systematically to determine if any one of these correlates strongly with changes in the

elastic modulus (E), yield strength (Y), and hardness (H).

2. Experiment

Samples were made by two ion-beam techniques: 1) plasma deposited films, using
energetic O, ions from an ECR oxygen plasma, and 2) ion-implanted sapphire layers, using Al
and O ions in a stoichiometric 2:3 ratio. Both thin (<300 nm) and thick (>800 nm) ECR films
were deposited on (100) Si substrates in order to evaluate the substrate effects on the
determination of the film properties. Alumina films were deposited using electron beam
evaporation of Al at 0.4 nm/s and co-bombardment with O," ions from an ECR plasma generated
using 100 Watts of 2.45 GHz microwave power. The deposition chamber base pressure was 0.6-
5x1AO'8 Torr and during deposition an O, flow rate of 2.5 sccm produced a background O,
pressure of 5-7x10 Torr 0,.

The H content and phase of the samples were controlled by varying the deposition
temperature and the ion energy. Hydrogen is introduced into the samples during deposition by
interaction of the reactive oxygen plasma with hydrogen adsorbed on the chamber walls. Earlier,

we had shown that separately increasing the ion energy or temperature (<400°C) decreased the H
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content while forming the amorphous phase [13]. Simultaneously increasing the ion energy
(E(0;")= 170 eV) and the temperature (= 400°C) forms the crystalline y-alumina phase (fcc).
For these experiments, amorphous alumina samples with a high H content were deposited at 145-
170°C with 30 €V O, ions, and amorphous alumina samples with a low H content were
deposited at 400°C with 30 eV O," ions. Gamma-alumina films with a low H content were
deposited at 400°C with 230 eV O," ions. The hydrogen content of the y phase was decreased
further by vacuum annealing portions of these samples at 850°C for one hour at a pressure of
1x10°® Torr. The thermal release of hydrogen from deposited alumina samples only occurs
above 400°C [14], and annealing near 800°C for 3-5 hours [15] only causes slight grain

coarsening of y alumina without a transformation to sapphire.

Single crystal (1102) sapphire' samples were ion implanted with Al and O using the
energies and fluences shown in Table I in order to form a 370 nm thick amorphous alumina layer
in the surface region. The ions were incident at an angle of 5° relative to the surface normal.
The samples were held at 84 K for the entire time required to perform all of the implantations in
order to avoid thermal annealing between changing implantation from Al to O. (The thick
amorphous layer could be formed only by eliminating this thermal recovery.) The fluences were
chosen to cause a uniform level of damage in the sample of approximately 4 dpa up to a depth of
about 330 nm as determined from a TRIM-92 calculation using displacement energies for Al and
O of 20 eV and 70 eV, respectively. The TRIM simulations indicate the surface (< 10 nm)
received a damage level less than 2.5 dpa for this set of ilnplantation conditions, whilé a damage
level greater than 2.5 dpa was produced out to 370 nm. A damage tail extending to a depth of
about 470 nm was also indicated. These fluences maintained a stoichiometric implaﬁtation

profile in which the additional Al and O added to the sample at any given depth was in the ratio 2
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Al/3 O. The addition of implanted Al and O increased the number of atoms in the upper 430 nm
by approximately 0.43 at. %.

The phase and microstructure of the samples were determined using transmission
electron microscopy (bright-field imaging, dark-field imaging, and electron diffraction). Also,
the samples were analyzed using 2.8 MeV He" Rutherford Backscattering Spectrometry (RBS)
to determine the O and Al composition and to determine the areal density (number of atoms per
unit area) of the deposited films. The H content was measured using 24 MeV Si*’ elastic recoil
detection (ERD). The mass density of deposited films was calculated from the thickness, which
was determined from variable angle spectroscopic ellipsometry (VASE), and from the areal
density. The density of the implanted sapphire layer was determined by measuring the thickness
from TEM analyses and measuring the step-height between implanted and unimplanted regions
with atomic force microscopy (AFM).

The mechanical properties were measured with ultra-low load nanoindentation using the
Continuous Stiffness Measurement (CSM) technique [16]. A nanoindentation measurement is
accomplished by pushing a small three-sided Berkovich-shaped diamond indenter into the
sample and then withdrawing it, recording the force required as a function of position. The
measured force as a function of depth during loading is characteristic of the resistance of the
sample to deformation, including both elastic and plastic changes, and during unloading the
decrease of force with depth is controlled by the elastic response. For a layer ‘on a substrate, the
values of E and H derived from a conventional analytical approach are due to the combined

mechanical properties of the layer and substrate. Therefore, finite element analysis is required to

accurately determine the mechanical properties of the layer alone [17]. This is especially true for
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thin films on hard substrates. For the CSM technique, an AC modulation is superimposed on the
applied load and the response of the sample gives the contact stiﬁness' as a function of depth.
Finite element analysis was used to model the loading (force versus depth) and stiffhess
(the slopé of the force versus depth curve for instantaneous unloading) data to determine E, Y,
and H of the layers and films. A detailed description of the nanoindentation and finite-element
determination of mechanical properties can be found in reference [17]. Ten indentations were
done on each sample and the results averaged. Whenever a sample has deformed plastically, an
indentation impression is retained by the material; scanning electron microscopy (SEM) was

used to image the residual indentation impressions.

3. Results

As stated above, the phase and microstructure of the samples were characterized using
TEM. Results for deposited amorphous and y alumina were presented previously [13], but an
example of the ion-beam amorphization of sapphire is worthy of consideration here. Figure 1 is

a dark-field TEM micrograph of sapphire amorphized at 84 K, viewed in cross-section along the

[2021] zone axis of the sapphire substrate. This image was formed using the (1210) sapphire
reflection indicated on the diffraction pattern (shown inset). The diffraction pattern shows a
diffuse ring characteristic of amorphous alumina in addition to diffraction spots corresponding to
sapphire reflections. The dashed circle on the micrograph represents the region from which the
diffraction pattern was acquired. This micrograph shows crystallites of residual sapphire
extending from the surface (shown at upper left in this figure) to a depth of approximately 20

nm, corresponding to the decreased level of damage found in the TRIM simulations. Crystalline

material is nearly absent in the center of the implanted layer and the amorphized region extends
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up to 335 nm in depth. A region of mixed amorphous and nanometer-sized crystallites is seen in
the transition zone between the amorphous region and the sapphire at the surface as well as the
sapphire substrate. The dashed line indicates a depth of 370 nm. At depth, the mixed
amorphous-nanocrystalline region extends to 425 nm.

Ion-irradiation induced amorphization of sapphire at room temperature requires ion
fluences producing damage levels on the order of 100 dpa [18], whereas amorphization at liquid
nitrogen temperatures requires damage levels of only a few dpa. For the case of room
temperature ion irradiation, the mechanism producing the amorphous phase is suggested to be
accumulation of point defects and voids causing a density reduction which makes the crystalline
sapphire unstable relative to the amorphous phase. In fact, both the high and low temperature
amorphization are accompanied by a density reduction as evidenced in AFM measurements of
our samples exhibiting an expansion of the irradiated layer above the surrounding substrate. The
height of this step (At=30 nm + 0.6 nm) was used to determine the change in density of the
irradiated layer, piayer, according to the equation: piayer=psapphirel | -(At/ttayer) ]+9/ tiayer, Where ¢ is
the total fluence of Al and O implanted ions, tiayer (370 nm) is the layer thickness measured from
the TEM cross-section micrograph (Fig. 1), and the density of vsapphire is taken to be the
literature value of 3.98 g/cm’.

Table II summarizes the results of the density determined from VASE analysis and RBS
analysis of the deposited films, as well as that of irradiated sapphire. In addition, the hydrogen
contents determined from ERD analyses are given. The uncertainty for the thicknesses

determined from VASE analysis is < 2% and the uncertainty for the areal density measured from

RBS analysis is £ 5%. These uncertainties can make substantial differences in the absolute

values determined for the densities, but the relative accuracy in comparing the densities
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measured in the same manner is better than 1%. Therefore, the trends determined from the
densities calculated in this manner are sufficiently accurate to determine the relative dependence
of the mechanical properties on density.

Typical force and sﬁffness versus depth curves for the different types of samples with
relatively thick layers are shown in figure 2. Each curve is an average over ten indentations.
The data shown as open circles was collected from the 1081 nm thick amorphous film deposited
at 145°C and containing 5.77 at. % H. The data shown as + symbols was collected from the 873
nm thick y-alumina film deposited at 400°C and containing 0.23 at. % H. The data shown as
filled circles was collected from the 370 nm thick amorphized sapphire containing 0.02 at. % H,
and the data shown as open triangles was collected from the (1102) sapphire substrate
containing < 0.01 at. % H (lower detectability limit). A qualitative examination of the data
immediately shows that a simple relationship between phase and mechanical properties does not
exist. The stiffness versus depth curves show that amorphous alumina can have both a larger and

smaller apparent elastic modulus than the crystalline y alumina depending upon the method of

preparation. Further, the y alumina has a signiﬁcantly lower stiffness than the sapphire even
though both are crystalline phases. Similarly, the force versus depth curves indicate that the
plastic behavior of amorphous alumina can vary greatly and show no direct correlation to the
phase (amorphous versus crystalline).

The solid lines drawn through each set of data in Fig. 2 are fhe best fit simulation of the
elastic and plastic response of the layer/substrate combination modeled using the finite element
analysis code ABAQUS. Iﬁ this process, the stress-strain behavior of the substrate (sapphire or

Si) is determined first, and then used as a known quantity in the simulation of the alumina

layer/substrate combination. The stress-strain behavior (elastic modulus and yield strength) is
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then varied for the layer to obtain the best fit to both the loading data and the stiffness data,
simultaneously. For these samples, a work hardening rate of zero was used, as is appropriate for
ceramic materials. The value of intrinsic hardness, H, for each material was determined by
separate simulations of "bulk" samples [17], using the values determined for E and Y. In this
way, E, Y and H for all of the samples were determined and are tabulated in Table II. The values
of E, Y, and H determined for different thicknesses of the same type materials were the same,

showing that the modeling correctly accounts for the effect of the substrate. The value obtained

for E from-(1102) sapphire in this éxperiment (502 GPa) is in good agreement with E obtained
[19] for alumina whiskers (496.2 GPa), and the sapphire yield strength (14.98 GPa) is just below
the fracture strength reported for those whiskers (15.2 GPa).

SEM was used to image the residual indent impressions and this analysis demonstrated
that the samples were all deforming plastically during nanoindentation without forming
extensive cracks. Therefore, the finite element modeling is valid for determining a yield strength
from the acquired nanoindentation data and for comparing the results from the different samples.

Table II shows a strong correlation between the mechanical propertieé and the alumina
density, but a poor correlation between the mechanical properties and the phase of the alumina.
Further, the mechanical properties appear only slightly correlated to the hydrogen content. In
order to better examine the correlation between the mechanical properties and the density, the E,
H,and Y ére plotted as a function of density in figures 3-5. The error bars shown in these figures
were determined by combining the statistical uncertainties in the raw data with the quality of the
simulation fits [17]. The strong linear dependence upon density of the elastic modulus, yield

strength, and hardness is remarkably independent of phase. Finally, the magnitude of change in

the mechanical properties with a small percentage change in density is also remarkable. A 25%




REI-10, Jena, Germany, July 1999

change in density causes nearly a factor of 3 change in E, a factor of 4 change in Y, and a factor

of 3.5 change in H.

4. Discussion

Alumina forms many different crystalline phases with similar local atomic environments
and differing densities. The phase-independent mechanical properties probably reflect the fact
that the mechanical properties are determined to a large extent by accumulation of free volume
resulting from bond-angle distortions which should vary in a continuous fashion with density
(AP*-0* spacing) rather than phase. Alumina is a highly ionic material and thus the local
bonding should depend strongly on the electrostatic forces holding the crystal together. These
forces should change in a smooth continuous fashion, as indicated by the linear dependence, but
the low density alumina must also come to a balance in electrostatic forces for densities far from
true equilibrium in the hexagonal phase. This balance of electrostatic forces may be
accommodated with some amount of electrostatic screening caused by incorporating free volume
and/or hydrogen.

‘The density of a sample may change by accumulation of point defects that agglomerate
and create large quantities of open volume. These may be introduced during growth of the
deposited films or by post-synthesis ion irradiation for the amorphized sapphire. In either case,
the hydrogen content probably reflects the willingness of the matrix to accept a charged
hydrogen which screens electrostatic forces at work when the ionic Al*" and 0% are displaced far
from equilibrium. The introduction of H is expected to impact the density (possibly stabilizing
very-low-density amorphous alumina), but point defects and free volume also may be

accumulated without the incorporation of hydrogen. The mechanical properties depend upon

10
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density much more strongly and directly than they depend upon H content, suggesting that
density is the primary factor in determining the mechanical properties.

The fact that alumina can be formed with a 25% change in density and produce a factor
of 4 difference in yie‘ld strength has profound consequences for the use of alumina as a wear-
resistant coating and as a dispersion strengthening precipitate. Cléarly, the greatest wear
resistance and precipitation strengthening would occur for the most dense alumina. Also, Al
corrosion passivation layers are generally low-density, high-H content alumina layers and this
work indicates that these layers should have poor mechanical strength and be more easily

susceptible to rupture during corrosion than a dense alumina coating.
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1. Dark-field, cross-section TEM micrograph of an amorphized sapphire layer. The diffraction

pattern shown at bottom right was acquired from approximately the region indicated by the

dished circle.

. Typical indentation loading and stiffness curves acquired using the continuous stiffness

method. The data are for: open circles -amorphous Al,O; deposited at 145°C, + symbols - vy
Aly04 deposited at 400°C, filled circles - amorphized sapphire, and open triangles - sapphire
substrate. The solid lines are the best fit simulations of the loading process, modeled using

the finite element analysis code ABAQUS.

[

3. Variation in the elastic modulus as a function of density. This figure includes data for all three

alumina phases examined: amorphous, gamma, and sapphire. A 25% change in density

causes nearly a factor of 3 change in E.

4. Variation in yield strength as a function of density. A 25% change in density causes a factor

of 4 change in Y.

. Variation in the layer hardness as a function of alumina density. A 25% change in density

produces a factor of 3.5 change in H.
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Tables
TABLE I: Implantation Conditions
Implant  Energy Fluence Implant  Energy Fluence
species (keV) (ions/cm?) species (keV) (ions/cm?)
1. Al 320 5.143x10° 2. O 360 2x10%
3. Al 180 1.286x10" 4. 0] 275 4x10"
5. Al 110 1x10" 6. O 220 1.55x10"
7. Al 65 7.14x10" 8. O 150 2.15x10"
9. Al 30 - 7.14x10" 10. O 90 1.4 x10°
1. O 55 2 x10" 2. 0 30 1.1x10"
TABLE II: Synthesis Conditions and Resultant Properties
Sample Description Density | At. % H | E (GPa) | Y (GPa) | H (GPa)
Virgin (1102) Sapphire Substrate | 3.98 <0.01% 502 14.98 33.7
370 nm amorphized sapphire by 3.662 0.02% 366 11.62 26.2
84K Al+O implant, no anneal
181 nm deposited amorphous 3.171 <0.01% 214 5.24 13.0
alumina/(100)Si, Taep,=400°C
173 nm deposited gamma 3314 <0.01% 208 6.30 14.7
alumina/(100)Si, Tgep,=405°C
Sample above, annealed 3.509 <0.01% 292 9.84 22.0
850°C 1hr.
873 nm deposited gamma 3.351 0.23% 277 7.88 18.6
alumina /(100)Si, Tge,=400°C
Sample above, annealed 3.331 0.05% 2901 8.12 19.2
850°C 1hr.
896 nm deposited amorphous 3.183 0.28% 187 4.45 11.1
alumina /(100)Si, Tg,=400°C
250 nm deposited amorphous 3.148 2.48% 177 3.73 9.6
alumina /(100)Si, T4p=170°C
1081 nm deposited amorphous 3.053 5.77% 170 3.73 9.5
alumina /(100)Si, T4,p=145°C

14
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