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Plastic zone evolution in Al–2 wt% Si metal films on silicon and sapphire substrates
was studied using nanoindentation and atomic force microscopy (AFM). AFM was
used to measure the extent of plastic pileup, which is a measure of the plastic zone
radius in the film. It was found that the plastic zone size develops in a self-similar
fashion with increasing indenter penetration when normalized by the contact radius,
regardless of film hardness or underlying substrate properties. This behavior was used
to develop a hardness model that uses the extent of the plastic zone radius to calculate
a core region within the indenter contact that is subject to an elevated contact pressure.
AFM measurements also indicated that as film thickness decreases, constraint imposed
by the indenter and substrate traps the film thereby reducing the pileup volume.

I. INTRODUCTION

The popularity of nanoindentation is due in large part
to its ability to probe the mechanical properties of ma-
terials in a nondestructive fashion without extensive
sample preparation. However, it is often difficult to
measure film properties independent of the substrate
properties. Several solutions to this problem have been
proposed with varying degrees of success, the simplest
being the “10% rule,” by which it is proposed that the
film properties can be measured for indentation depths
less than 10% of the total film thickness.

However, this “rule of thumb” has several deficien-
cies. The rule is too restrictive for soft coatings on
hard substrates;1 it may not be restrictive enough for hard
coatings on soft substrates; and the shape and size of the
plastic zone are sensitive to indenter angle.2,3 In addition,
for submicron thick films, it can be experimentally dif-
ficult to perform and analyze indents that satisfy this
requirement.

Other partially empirical approaches have attempted to
incorporate the mechanical properties of the substrate

into the hardness measurement through various rules of
mixtures.4 –12 These generally express the composite
hardness,Hc in the form:13

Hc 4 Hs + (Hf − Hs)fH , (1)

whereHs and Hf are the hardness of the substrate and
film, respectively, andfH is one of a variety of weighting
functions depending upon the particular model.

For example, one common approach is to calculate
plastic volumes based on the spherical cavity model de-
veloped by Hill14 and adapted to the indentation process
by Marsh,15 Johnson,16 and Chianget al.17 However,
Ford has suggested that the work of indentation is related
to indentation volumes and not plastic volumes.18 In ad-
dition, the spherical cavity model does not describe the
deformation process of a soft film on a hard substrate.
The hard substrate has properties similar to a rigid half-
space from the perspective of the film; thus, the case is
better modeled by a slip-line field solution.1,3

Finite element studies (FEM) have provided additional
insight into the indentation deformation process.15,19–21

Studies of spherical indentation found formation of
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pileup around the indenter, as well as hydrostatic re-
gions at the indenter apex and the film–substrate inter-
face.19 Laursen and Simo20 demonstrated how this
pileup can have a significant effect on the measurement
of hardness and modulus when accepted analysis meth-
ods are used.22,23 This effect has also been observed
experimentally.24

For films on the order of a micrometer or thicker,
nanoindentation techniques provide an accurate method
for determining thin film mechanical properties. How-
ever, for films from one to hundreds of nanometers thick
and for indenter geometries deviating from the sharp
conical indenters assumed in FEM simulations, tip–
substrate interactions can have interesting effects on the
deformation of thin films. For example, FEM simulations
of sphero-conical indentation have shown that the mag-
nitude of the indenter tip radius has little effect on contact
pressure for indentation depths below half the film thick-
ness.25 However, for deeper indents, contact pressures
gradually become greater for larger tip radii at the same
penetration depth. It has also been demonstrated that as
the size of the contact area increases with respect to the
film thickness, material under the indenter experiences a
state of hydrostatic stress.19 This in turn convolutes the
hardness measurement. While the pressure distribution
under the indenter in the case of a confined thin film is
experimentally indeterminate, the results of this con-
straint manifest themselves in the form of changes in the
contact area and plastic zone.

While the plastic zone has been used in volume frac-
tion models, as outlined above, few if any studies have
been aimed at its direct measurement in thin film. Pre-
vious experimental investigations have shown that for
materials with low strain hardening capacity, the extent
of plastic pileup, as measured by atomic force micros-
copy (AFM) is in good agreement with the elastic–plastic
boundary predicted by the spherical cavity model.26,27It
is important to note however, that for materials with high
strain hardening rates, sink-in is observed and AFM
analysis cannot be used. Other studies of the plastic zone
size using transmission electron microscopy28,29and dis-
location etch-pits30 also give comparable agreement with
the spherical cavity model. In this study, AFM was com-
bined with nanoindentation to measure the evolution of
the plastic zone and contact radius for aluminum films on
hard substrates. The evolution of the plastic zone was
then taken as a measure of film constraint, and a model
is proposed that incorporates this effect in a composite
hardness analysis.

II. EXPERIMENTAL PROCEDURE

An Al alloy with a mass fraction of 0.02 Si (Al–2 wt%
Si) was direct current (dc) sputter deposited to 340 nm,
500 nm, 1mm, and 2mm thickness on Si(001) wafers.

Prior to deposition, each wafer was thermally oxidized to
produce a 3-mm layer of SiO2. In addition, Al–2 wt% Si
was deposited onto Al2O3 (0001) substrates to 1- and
2-mm thickness. X-ray diffractometry showed the films
to have a weak (110) texture with no preferred in-plane
orientation. Nanoindentation tests were then conducted
on the samples using a Nanoindenter II equipped with a
90° conical diamond indenter with a 700 nm radius of
curvature at the tip. The choice of a 90° cone accentuates
plastic pileup around the contact and eliminates corner
effects found in Berkovich and Vickers indents thereby
making surface profilometry measurements more pre-
cise. Each film was indented ten times at depths of 20%,
50%, 100%, and 120% of the total film thickness, with
all indents spaced 100mm apart. Contacts at lesser
depths did not produce detectable plastic pileup, and the
resulting hardness measurements showed a large amount
of scatter. Figure 1 shows a series of load–displacement
curves for a 2-mm-thick Al–2 wt% Si film on Si. The
most severe indents were deep enough to cause appre-
ciable plastic deformation of the substrate. Loading rates
varied depending on film thickness and penetration depth
according to the general procedure and loading rates out-
lined in Table I.

Each indent was then imaged using the contact AFM
mode of a Digital Instruments 3100 scanning probe mi-
croscope. Contact areas were measured from the plan-
view images based on peak pileup heights, from which
the average contact radiusa of each indent was deter-
mined [Fig. 2(a)]. Vertical sections from the surface pro-
file were then taken at 45° intervals from which the
extent of plastic pileup on both sides of the contact was
measured [Fig. 2(b)]. The average of all four measure-
ments determined the plastic zone diameter 2c. Potential

FIG. 1. Series of load–displacement curves into a 2mm Al–2 wt% Si
film on a silicon substrate. The indenter was a 90° cone with 700-nm
radius spherical tip.
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systematic errors in measurement ofa and c were ac-
counted for by measuring inner and outer limits of each
and using the difference as the measurement error.

For the first 150 to 200 nm of indentation depth, the
evolution of pileup and plastic zone in the film is deter-
mined by the geometry of the spherical portion of the tip
and the film–substrate interface. Larger penetration
depths are within the conical portion of the tip, which
dictates further pileup and plastic zone development. In
this study, the only indents within the spherical regime
were for indentation depths below 50% of the film thick-
ness in the 340 and 500 nm films.

III. RESULTS AND DISCUSSION

A. Experimental determination of thin film
indentation deformation

Figures 2(a) and 2(b) show a plan-view contact mode
AFM image and a cross section through this image taken
from the 500-nm film on the Si substrate. The outer set of
arrows in Fig. 2(b) mark the extent of the plastic zone
measured from this cross section. The height of the
pileup is about 20% of the indentation depth, in very
good agreement with the finite element simulations20 and
other experimental observations.24

The hardness of each film was calculated using
the load from the load–displacement curves and the
projected contact areas measured from the AFM images.

Note that variations in hardness due to changes in tip
geometry during the transition from spherical to conical
appear to be comparatively minor for shallow indenta-
tions into soft thin films.25 The results are shown in
Fig. 3 and are plotted as a function of the contact radius
a normalized by the film thicknesst. Trends in hardness
scale witha/t rather than indentation depth due to the
nonideal tip shape. To estimate the hardness of the films,
the hardness data (as a function of indenter displacement)
were fit using a Bhattacharya and Nix analysis,12 which
has a functional form similar to the experimentally ob-
served hardness trends. Average hardness values used
for the substrates were 10 GPa for Si31,32and 30 GPa for
sapphire.23 Yield stress was taken asHs/3. The results are
shown in Table II along with the mean grain size meas-
ured from AFM. The films display an inverse relation-
ship between grain size and hardness similar to other
studies on Al thin films.33,34

The magnitudes of the hardness values are higher than
typically observed for pure aluminum films, which typi-
cally range from 0.5 to 1.0 GPa (see for example, Tsui
and Pharr24). This is most likely due to alloying and grain
size effects. Dirkset al. have reported up to an 8-fold
increase in ultramicrohardness values of 1-mm aluminum
alloy films with the addition of up to 10% of a variety
of alloying elements.35 They also reported a 10-fold in-
crease in hardness, from 0.5 to 5 GPa as a result of a
decrease in grain size from 1mm to 30 nm and trapping
of plasma gas.

According to the volume fraction models of Burnett
and Rickerby7,8 and Fabeset al.,9 the size of the plastic
volumes in the film and substrate determines the hard-
ness. However, the method for determining the volumes
differs greatly between the two approaches. Burnett and
Rickerby calculate the plastic volumes based on Lawn’s
formulation of the plastic zone36 while Fabeset al.use a
geometric argument. However, Fabeset al. still use the
volume fraction model, which has the spherical cavity
model as its foundation.

TABLE I. Loading profiles used for all indents into Al–2 wt% Si
films on Si and sapphire substrates along with typical loading rates and
hold times for a shallow and deep indentation. All indents were per-
formed using a 90° conical diamond indenter with a 700-nm tip radius.

Profile step
20% film
thickness

120% film
thickness

Linear load 10mN/s 300mN/s
Hold 60 s 60 s
Unload to 5% max load 10mN/s 300mN/s
Hold 60 s 60 s
Unload 10mN/s 300mN/s

FIG. 2. (a) Plan-view AFM image of an indent into a 500-nm Al–2 wt% Si film on silicon. The scan is 10 × 10mm. (b) The variation in height
along a cross section taken through the center of contact. The arrows mark the extent of plastic pileup.
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Figure 4 shows the evolution of the plastic zone radius
for the Al–2 wt% Si films on Si substrates plotted against
the contact radius to film thickness ratio. At a given
a/t, the total penetration depth is greatest in the 2-mm
film and the most shallow in the 340 nm film; hence, the
thicker the film, the larger the plastic zone for a givena/t.

The geometrical nature of plastic zone evolution in the
films can be seen by normalizing the plastic zone size by
the film thickness (c/t), in which case all data in Fig. 4
converge into a single data set. This can also be seen by
normalizing the plastic zone size by the contact radius
(c/a), which also reveals the constraint that the substrate
imposes on plastic flow of the film. This is shown in
Fig. 5 for all films tested, along with FEM results from
Laursen and Simo20 for 1-mm Al films on Si substrates.

For bulk materials,c/a should be constant and indepen-
dent of penetration depth, but as can be seen, this is not
the case for the thin films. Thec/a ratio is high for
shallow indents (lowa/t) and low for deep indents (high
a/t). It is recognized that this trend may in part be due to
contact area to volume ratio effects, as in the indentation
size effect (ISE).37 However, it is assumed that for an
indenter penetration ofa/t > 0.5 that substrate–film thick-
ness effects dominate any ISE.

TABLE II. Hardness for Al–2 wt% Si films as determined by the
method of Bhattacharya and Nix12 along with the approximate grain
size as measured by AFM using a line-intercept method. Correlation
coefficients are given for the value of H that gives the best curve fit to
the data. Uncertainty in grain size is one standard deviation for ten
measurements.

Film thickness (mm) H (GPa) R2 Grain size (nm)

Si substrate
0.34 2.8 0.96 70 ± 10
0.5 2.2 0.94 100 ± 10
1 2.0 0.96 130 ± 30
2 1.0 0.98 220 ± 30

Sapphire substrate
1 1.9 0.94 140 ± 30
2 1.7 0.88 210 ± 30

FIG. 3. The variation in composite hardness for Al–2 wt% Si films on
silicon and sapphire substrates with increasing contact radius/film
thickness. The contact load was measured from the load–displacement
data and contact area was measured from the AFM plan-view images.
Uncertainty is assessed by systematically measuring inner and outer
limits of the contact area.

FIG. 4. The evolution of the plastic zone radius as measured from
AFM cross sections with increasing penetration depth for Al–2 wt% Si
films on silicon substrates. Systematic measurement error is assessed
by measuring the inner and outer limits on the plastic zone radius.

FIG. 5. Evolution of the normalized plastic zone radius for increasing
indentation depth for Al–2 wt% Si films on silicon and sapphire sub-
strates. Also shown are the results for FEM calculations by Laursen
and Simo20 for a 136° cone. Uncertainty in contact radius is much less
than for the plastic zone radius. Therefore, the uncertainty is given by
normalizing the error in the plastic zone measurement by the measured
contact radius.
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The results of Laursen and Simo20 follow the same
trend as the experimental results, except thec/a ratio is
offset from the experimentally measured values by a con-
stant amount. While within the experimental uncertainty,
this may be due to a difference in indenter geometry as
the indenter used here is a 90° cone with a 700-nm
spherical tip whereas the simulation was conducted using
a sharp 136° cone. The decrease in plastic zone radius is
symptomatic of the increasing amount of indenter–
substrate constraint placed on plastic deformation in the
Al–2 wt% Si film.

Of particular interest is the observation that all of the
experimentally measured plastic zone radii in Fig. 5 are
described by the same curve, independent of the film
thickness, film hardness, and substrate modulus. Table II
shows there is almost a factor of three difference between
the hardness of the 2-mm and 340-nm films, yet no dif-
ference between the normalized plastic zone radii. Fur-
thermore, for penetration depths equal to or greater than
the film thickness, deformation of the substrate in addi-
tion to the film is observed. However, there is little meas-
urable difference between thec/a ratio for the deepest
indents into the 2-mm film or the shallow indents into the
500-nm film. This suggests that the extent of the plastic
zone, and by extension the plastic volume, is controlled
by the geometry of the contact more so than the elastic–
plastic properties of the film or substrate. Note that this
would only apply in the case of a soft film and that for
deep indents, plastic deformation of the substrate must
eventually influence plastic zone development in the
film. This also implies that any ISE is second order.

The effects of confinement can also be seen by ana-
lyzing the change in total volume for the film–substrate
system. This is inferred by measuring the volume of ma-
terial contained in plastic pileup as well as the volume of
the indent impression, which can be calculated from the
AFM cross sections according to

V = *
r1

r2
2prh~r!dr , (2)

wherer is a distance measured from the center of contact
andh(r) is either the height of the pileup or depth of the
indent atr. The limits of integration for the contact im-
pression arer1 4 0 to r2 such thath(r2) 4 0, and for the
pileup,r1 such thath(r1) 4 0 to r2 4 c, the plastic zone
radius. The results are shown in Fig. 6, where the ratio of
pileup to indent volume is plotted againsta/t. For a rigid-
plastic material,Vpileup/Vindent 4 1, while for a material
deforming by radial compressionVpileup/Vindent ap-
proaches zero.

Two trends are observed. The first is that the volume
ratio tends to, but never reaches the rigid plastic limit
with increasing penetration depth. This is due to densi-
fication of film porosity, deformation of the Si substrate,
and a gradual change of deformation mechanisms in

the film. The second trend is that the volume ratio de-
creases for thinner films. The interpretation here is that
substrate–tip interactions play an increasingly important
role as the film becomes thinner and that, in line with the
c/a measurements, constraint of the film is increased. A
consequence of this increase in constraint is an inability
of the film to “squeeze” out from between the indenter
and substrate or alternatively, for the indenter to com-
pletely penetrate the film. This argument is supported by
observations on sectioned indents of GaAs–AlAs hetero-
structures, which show that the film remains trapped be-
tween the indenter and substrate even for penetration
depths well beyond the film thickness.38 Therefore, strain
compatibility dictates that further development of plastic
strain in the film is determined by the elastic and
plastic strains in the substrate.

B. Geometric model for indentation of soft
metal films

The AFM results suggest that deformation of soft
films is determined by the geometry of the indenter–
substrate contact. The greater the contact radius to film
thickness ratio, the greater the constraint on the film un-
der the indenter, and the more restricted plasticity in the
film becomes. At shallow indentation depths, there is no
restriction on plastic flow in the film and the plastic zone
reaches its full extent. As the indentation depth increases,
the state of stress in the film underneath the indenter
becomes increasingly hydrostatic, such that a core region
of the film at the center of contact no longer satisfies the
yield criterion. This is a consequence of the compatibility
imposed by the substrate, the hydrostatic zone associated
with the contact (present in both slip line and spherical
cavity models), and an interaction between the two. At

FIG. 6. Ratio of the volume of material contained in the plastic pileup
surrounding a contact to the volume of the cavity created by the indent.
All films are deposited on a silicon substrate with a thermally grown
silicon oxide. Measurement errors are one standard deviation.
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this point, contact pressure begins to rise. As the depth of
penetration increases, the confined core region expands
and the contact pressure continues to increase until pen-
etration of the substrate begins. Based on the experimen-
tal AFM observations and the above outlined approach to
the indentation process, a model for determining inden-
tation hardness of soft thin films can be developed.

During the initial stage of contact between an indenter
and a soft film, there is negligible interaction with the
substrate and as such, the plastic zone is fully developed.
This is stage I in the method outlined by Fabeset al.9 At
a critical depth, the plastic zone reaches the interface.
Figure 5 indicates thatc/a ≈ 3 when a/t 4 1/3. The
indentation depth at which this condition is satisfied is
the critical depthdcr, at which substrate effects begin to
occur for a hemispherical plastic zone. Beyond this
depth, a core of material at the center of contact arises
that may support a higher contact pressure, while the
remaining annulus is free to yield. This is shown sche-
matically in Fig. 7. Under this condition, the total load
can be written as

P = *
0

acr
pcr2pada + *

acr

a
pm2pada , (3)

whereacr is the radius of the core region,a is the contact
radius,pcr is the pressure within the core, andpm is the
mean contact pressure supported by the unconstrained
film. The distribution of the pressure within the core is
unknown. However, a similar load response will result
from a mean contact pressure within the core,pcr-m.
Along with a substitution of film hardnessHf for pm

integration of Eq. (3) yields

P 4 pacr
2(pcr-m − Hf) + pa2 Hf . (4)

The evolution of the core contact radius is calculated
by realizing thatc/a ≈ 3 up to the indentation depth at
which the core develops (acr 4 0). Beyond this depth,
material at the center of the contact is constrained, but the
surrounding annulus continues to deform under contact

pressures representative of the film hardness. The defor-
mation in this annulus results in further expansion of the
plastic zone in a geometrical fashion similar to the rela-
tionship between contact radius and plastic zone size for
low indentation depths. This can be expressed as

c − acr

a − acr
= 3 ,

which can be rearranged to give an expression foracr,

acr =
a

2 S3 −
c

aD . (5)

Thus, the core radius can be calculated from experimen-
tally measured quantities.

An expression is also needed for the evolution of
the contact pressure within the core region. At the first
instant when the core region appears, the pressure in the
core is equal toHf. This happens at a penetration depth of
dcr, such thata/t ≈ 1/3, (see the above discussion). The
mean contact pressure in the core region,pcr-m, rises
continuously until the indentation depth exceeds the film
thickness. At this depth, deformation of the substrate is
induced and the contact pressure within a small area
under the indenter rises to the substrate hardnessHs. The
maximum contact pressure within the corepcr-max, is a
strong function of tip shape, and has an upper bound of
Hs, although it does not have to rise to the value ofHs. By
allowingpcr-m to vary in a linear fashion with indentation
depthd up to a maximum value of

pcr-m =
pcr-max + Hf

2
,

for indentation depths equal to the film thicnesst the
mean contact pressure within the core region can be
given as follows:

pcr-m~d,t! =
pcr-max − Hf

2~1 − dcr /t!
Sd

t
− 1D +

pcr-max + Hf

2
.

(6)

Due to the sphero-conical shape of the indenter,d/t is
a function of contact area and film thickness [d/t 4
f(a/t, t)]. Thus, dcr / t and the functional form ofd/t are
calculated from measured values ofa, c, andd for each
film thickness. Substituting Eqs. (5) and (6) into Eq. (4)
gives an expression for hardness in terms of contact area:

Hc =
1

4 S3 −
c

aD2Hpcr-max − Hf

2~1 − dcr /t!
@ f~a/t,t! − 1#

+
pcr-max + Hf

2 J + Hf . (7)

FIG. 7. A schematic representation of the evolution of the plastic zone
in the aluminum film. The lightly shaded region is free to plastically
deform while the darker shaded region is increasingly under a state of
hydrostatic stress and experiences a higher contact pressure than the
rest of the contact. The radius of this region is denotedacr.
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Finally, the evolution ofc/a is determined based on
Fig. 5, realizing thec/a cannot be less than 1, by fitting
the data to an equation of the form:

c

a
= 1 + C1Sa

t Dn

; for a/t . 1/3 . (8)

C1 andn are fitting parameters and give a best fit to the
data forC1 4 1.27 andn 4 −0.5.

This model has a different form compared to other
formulations of composite hardness13 but is analogous to
the area fraction model.4 Although the plastic zone is
involved in this calculation, it is used only to determine
the level of constraint imposed on the film trapped be-
tween the indenter and the substrate. It is not used to

calculate plastic volumes, as discussed by Ford.18 The
level of constraint is incorporated into the model through
the radius of the core capable of supporting an elevated
contact pressure.

For the indentations in this experiment, the substrate
either remained elastic or experienced small levels of
plastic strain. For deep indentations, or softer substrates,
the plastic zone size of the substrate would be on the
same order as or larger than that of the film. In such a
case, AFM measurements would not be representative of
the size of the plastic zone of the film, nor would the
model apply to those situations. Note that the model
might be extended to penetration depths greater than the
film thickness by addition of a region within the contact
area for which the contact pressure is that of the substrate
hardness,Hs. However, this has not been attempted here.
Consequently, indentation depths greater than the film
thickness have been excluded when applying the model.

Figure 8 shows the best fit to the hardness data for the
Al–2 wt% Si on silicon and sapphire substrates using
Eq. (7) withHf andpcr-maxas fitting parameters. Table III
lists those values ofHf andpcr-max with Hf values deter-
mined from the Bhattacharya and Nix analysis.12 The
results for the film hardness compare quite favorably.
Note that the maximum contact pressure within the core
region pcr-max is similar for the same film thickness on
either substrate and that it approaches but does not reach
the value of the substrate hardness in either system
(10 GPa for Si37,38and 30 GPa for sapphire23). With the
exception of the 340-nm film on Si, it also increases with
decreasing film thickness.

Film hardness, according to Eq. (7), is not particularly
sensitive to systematic measurement errors. Assuming
the plastic zone measurements are underestimated by
10% results in statistically insignificant increases in film
hardness. However,pcr-max shows significant sensitivity
to such an underestimation, with pressures increasing
from 10% to 25%. The value ofpcr-max is even more
sensitive to the choice of contact radius at which the
plastic zone radius reaches the film–substrate interface.
A decrease in the criticalc/a value from 3 to 2.7 in-
creases the substrate hardness by 25% to 50%.

IV. CONCLUSIONS

AFM was used to investigate the evolution of the plas-
tic zone for thin Al–2 wt% Si films on silicon and sap-
phire substrates. It was found that regardless of the
substrate properties, hardness of the film, or film thick-
ness, the ratio of plastic zone radius to contact radius
assumes a single value at a givena/t. The decrease inc/a
provides a measure of the constraint of the film within
the contact. This observation has been combined with a
simple model that partitions the hardness between a core
region that supports a higher contact pressure and an

TABLE III. Best fit Hf and pcr-max hardness values according to
Eq. (7) for both oxidized silicon and sapphire substrates. Correlation
coefficients are given for the values giving the best fit. The hardness
of the Al–2 wt% Si films according to the method of Bhattacharya and
Nix are also presented for comparison.12 For the purposes of that
analysis, the hardness of the oxidized Si was taken to be 10 GPa, while
the hardness of the sapphire was 30 GPa.

Film thickness (mm) Hf (GPa) pcr-max (GPa) R2 HB-N (GPa)

Si substrate
0.34 2.9 5.3 0.99 2.8
0.5 2.1 8.3 0.99 2.2
1 2.0 7.0 0.96 2.0
2 1.2 5.1 0.97 1.0

Sapphire substrate
1 2.0 8.5 0.98 1.9
2 1.8 5.4 0.96 1.7

FIG. 8. The best fit to the hardness data according to the constrained
plastic zone core model of Eq. (7) for the Al–2 wt% Si films on ther-
mally oxidized silicon and sapphire substrates. Substrate and film
thickness data are given in the legend. The hardness values for the
film and substrate are listed in Table III.
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annulus of material that supports a pressure equal to the
hardness of the film. The model was used to successfully
calculate the hardness of Al–2 wt% Si films on silicon
and sapphire substrates.

Trends in the pileup to indent volume ratio were also
explored as a function of film thickness and penetration
depth. It was found that the volume ratio approaches, but
does not reach unity for thicker films and deeper inden-
tation depths. Possible mechanisms for this behavior in-
clude a switch from radial compression to a slip-line type
mechanism. With decreasing film thickness, the inden-
tation volume is increasingly determined by substrate
deformation and thin film constraint.
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