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’ INTRODUCTION

Thin films and polymer coatings are widely applied to modify
material properties for chemical, mechanical, or aesthetic rea-
sons. Because of chemical or mechanical mismatches between
the film and substrate, strong interfacial bonding and adhesive
strength can be difficult to develop, and long-term stability is
affected by interfacial stresses formed upon film formation or during
use. Internal stresses within the coating can cause permanent
deformation or even delamination over time as a result of visco-
elastic or interfacial relaxations.1 These effects are increasingly
prevalent as novel materials are designed around high interfacial
contact of dissimilar materials. Polymer�matrix nanocomposites
and layer-by-layer films have significant fractions of the sample
dominated by interfacial regions. Here, just as in a simple thin
film, the adhesion, aging and stress response at interfaces will
have a critical effect on overall performance.2�5 Isolating the
properties of these interfacial regions is difficult since interfacial
contributions are mixed with bulk responses. The ability to
decouple the material response of the interfacial regions from
the bulk would greatly improve the prediction of lifetime
performance and isolate key design parameters.

The most common interfacial measurements are derived from
adhesion experiments, which typically involve calculating an
adhesion parameter from the separation of a well-defined geo-
metry under an applied load.6,7 In peel experiments, the inter-
facial adhesion energy is determined from the applied force to
propagate a crack, or peel front. This technique has been adapted
to measure the adhesion of patterned surfaces, rate-dependent
materials, or surface coatings within a controlled experimental

design.8,9 An alternate method uses contact mechanics of a com-
pliant indenter with a flat substrate, using models such as the
Johnson, Kendall, Roberts (JKR) theory to quantify the work of
adhesion between the two contacting surfaces through a loading
and unloading cycle.10 These experimental designs provide a
planar surface, so the surface can bemodified tomeasure a variety
of materials, such as pressure sensitive adhesives, biological inter-
faces, and biomimetic surfaces.11�14 To test for failure of an interface,
a sufficient load can be applied by a rigid indenter to delaminate a
buried interface, where the delamination stress and crack formation is
controlled by the indenter geometry, the film thickness, and the
strength of the buried interface at the point of failure.15,16

Before delamination occurs, the mechanical properties of a
multilayered substrate can be inferred from contact mechanics
models. Each layer contributes to the indentation response
dependent on the thickness and modulus of each layer and the
stress transfer between layers. An interface with strong adhesion
and perfect shear stress transfer (pure bonded), and an interface
with no adhesion or shear stress transfer (pure slip) would be
considered the maximum and minimum level of shear stress
which can be transferred at the interface, respectively.17�19 In
previous work, we have detected nonideal interfaces through
constant load indentation of a multilayered substrate with a
poorly adhered polymer�substrate interface.20 These weak
interfaces have properties between the ideal cases of pure bonded
and pure slip conditions, with distinct relaxation mechanics
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ABSTRACT: In this work, we use constant load indentation
and cantilever peel of polymer films to probe relaxation events
that occur due to the chemical modification of a buried inter-
face. Hydroxypropyl cellulose films on four different chemical
interfaces were produced, and the creep compliance and
fracture energy of each interface was measured. Polymer films
having strong interfacial interactions with the substrate, as
measured by cantilever peel, exhibited equivalent compliance
to bulk measurements when modeled as a thin film with a
perfectly bonded (no slip) interface. On weaker interfaces, larger contact areas led to this model calculating significantly higher
compliances than expected, which we attribute to debonding events at the interface. These additional relaxations at the buried
interface were strongly dependent on the extent the substrate surface moieties could hydrogen bond with the hydroxyl groups
present on the polymer chain. Deviations caused by debonding events were additive over time, with modeled compliance up to
250% greater than bulk compliance. By modifying the polymer�substrate interface, the strength and durability of different chemical
interactions at the interface can be studied and used to design robust interfacial interactions for improved performance.
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independent of the bulk polymer relaxations. When interfaces
were poorly designed and the polymer was able to translate along
the interface, the growth of the contact area increased as com-
pared to a molecularly bonded interface.

In this work, we measure interfacial relaxations caused by
variations in surface chemistry presented at the interface between
a glass substrate and a hydroxypropyl cellulose coating. By con-
trolling the hydrogen-bonding potential of the glass substrate, we
systematically change the strength and number of hydrogen-
bonding sites at the buried interface, which in turn affects the
subsequent indentation profile. By varying the density of hydro-
xyl, carboxylic acid, alkyl, or fluorine groups on the glass sub-
strate, the extent and rate of indentation contact area growth was
correlated to the hydrogen-bonding potential at the polymer�
substrate interface. If these measurements are used to calculate
compliance as if the interface was purely bonded, then strongly
adhered interfaces matched the bulk compliance while the
compliance as measured on weakly adhered interfaces did not,
effectively allowing for the deconvolution of the bulk and
interfacial responses. Cantilever peel measurements on the same
interfaces were performed to obtain the fracture energy and confirm
the relaxations occurring at the buried interface are related to the
interfacial adhesion strength.

’EXPERIMENTAL SECTION

Materials. Equipment, instruments, and materials are identi-
fied in the paper in order to adequately specify the experimental
details. Such identification does not imply recommendation by
the National Institute of Standards and Technology (NIST), nor
does it imply the materials are necessarily the best available for
the purpose. Hydroxypropyl cellulose (HPC) (mass average mo-
lecular mass of 10 � 105 g/mol) was obtained from Sigma-
Aldrich (Milwaukee, WI). Octyl dimethylchlorosilane and tride-
cafluoro-1,1,2,2-tetrahydrooctyl dimethylchlorosilane were ob-
tained from Gelest (Morrisville, PA). Norland Optical Adhesive
81 was purchased from Norland Products (Cranbury, NJ). All
chemicals were used as received.
HPC-Glass Interface Preparation. Glass substrates were

treated with either chlorosilanes or ultraviolet/ozone (UVO)
to create fluorinated, alkyl, carboxylic acid, or silanol (hydroxyl)
groups at the surface. When coated with HPC, these surfaces pre-
sent a continuous, homogeneous chemistry comprised of a single
type of functional group to the polymer. Water contact angle
measurements were performed using a Kr€uss DSA 100 drop
shape analyzer (Nazareth, PA), and multiple spots were measured
across each substrate to confirm uniformity of surface treatment.
Each substrate was prepared with two different interfaces,

created by isolating the silane deposition or UVO treatment to
one-half of the slide. Limiting the silane deposition to half the
substrate is described in detail elsewhere.20 To briefly summarize,
glass slides were cleaned with toluene and ethanol, dried, and
exposed to UVO for 500 s. Silane deposition was isolated on one-
half of the glass substrate by immersing one-half of the slide and
protecting the other half with a sacrificial glass superstrate. The
glass superstrate was held in place by placing a small drop of
water on the substrate prior to lamination. The exposed region
was immersed in a toluene solution containing 10% by mass of
the appropriate silane for 900 s, and water on the protected
region prevented any silane deposition due to immiscibility of
toluene with water. After silane deposition, slides were cleaned
with toluene and water, dried, and then stored under vacuum

until used. The protected region was left unaltered, to provide a
control region with a hydroxyl surface.
Two different silanes, octyl dimethylchlorosilane and trideca-

fluoro-1,1,2,2-tetrahydrooctyl dimethylchlorosilane, were depos-
ited to form surfaces with alkyl and fluorinated groups, re-
spectively. For the hydrogen-bonding surface, hydroxyl chemical
moieties were created from the initial UVO treatment of the
glass. A second hydrogen-bonding surface was formed by UVO
irradiation of an alkyl silane monolayer. This has been shown to
create carboxylic acid functional groups at the surface, and the
extent of exposure controls the density of carboxylic acid groups.21

By increasing the duration of UVO treatment, the surface coverage
of carboxylic acid functional groups capable of hydrogen bonding
increases. This treatment was varied systematically to create
mixed interfaces which simultaneously contain both carboxylic
acid and alkyl functional groups at the surface. Alkyl silane
substrates were irradiated for three different exposure times:
40, 20, and 10 s, with the 40 s exposure time sample denoted as a
carboxylic acid surface. Water contact angles were not signifi-
cantly different on the protected half of the substrate, except for a
5 mm-wide region between the silane treated and protected half
of the sample. Since changes in the average density of functional
groups within the indentation area could affect the stress relaxa-
tion profile, the boundary region was ignored and no experi-
ments were performed in this region.
HPCfilmswereflowcoated onglass substrates using a solution of

anhydrous ethanol with 8.0% by mass HPC. Films were dried
first in air for 4 h and then stored in vacuum for at least 24 h prior
to experimentation. In addition, HPC films were produced on
silicon wafers using the same flow coating parameters for film
thickness measurements, which required a reflective surface. Film
thickness was measured to be 4.4 μm( 0.2 μmusing a Filmetrics
F20 spectral reflectometer (San Diego, CA). These measure-
ments were corroborated with the measured film thickness of
HPC films transferred to silicon from fluorinated or alkyl-modified
glass substrates. Bulk films were prepared from repeated flow
coating of more concentration HPC solutions, building ≈0.5 mm
thick substrates.
Thin Film Indentation. Indentation of thin HPC polymer

films was performed by monitoring the contact area of a fixed
load spherical indenter over time. This technique was modified
from a high-throughput bulk viscoelastic indentation technique,
which used the gravity load of metal spheres to indent the
polymer film20,22 and is shown schematically in Figure 1. For

Figure 1. Thin film indentation geometry used for experimental
modeling and design, using an indenter of radius, R, with a constant
load, P0, throughout the experiment. The contact radius, a(t), depends
on the top layer film thickness, h, the compliance, J, and Poisson’s ratio,
v, of each layer.
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these experiments, the indenter size was increased to 12.7 mm
diameter chrome steel spheres to produce larger contact areas
and higher loads. At each contact area, optical images were taken
over time and then analyzed to determine contact radii, which
were then related to the polymer compliance. An indenter holder
for four spheres was combined with a vertical motion stage to
place all spheres on the surface simultaneously and allowed for
multiple indentations to be measured on each sample. A Leica
DMIRE2 inverted optical microscope (Wetzlar, Germany) im-
aged each contact area, sequentially traveling to each indentation
position within the array.
After all images were collected, the indentation contact radii

were determined with an image processing method using edge
detection and Hough transforms to locate the contact area and
radius. With larger radii indenters, small increases in the indenta-
tion depth translated into significant contact area growth, pro-
viding sufficient resolution to discriminate between small changes in
compliance. Contact radii for these experiments ranged from 35
to 53 μm, and indentation depths did not exceed 3% of the film
thickness. Array indentation were performed for 10000 s to
determine long time compliance effects, with a minimum of 20 s
between images. To quantify short time effects, single sphere
indentations were imaged for 120 s with 0.8 s between images to
measure compliance at shorter time intervals. Both long and
short time indentation experiments matched at equivalent in-
dentation times. All experiments were performed at 22 �C in
ambient air.
In this experimental design, the indentation of a purely bonded

interface would be a combination of the compliance of the polymer
film and the compliance of the glass substrate. Variousmodels are
available to determine the properties of a multilayered substrate,
which vary dependent on the boundary conditions at the inter-
face and the limitations of the models. The compliance measure-
ments for this work were calculated from a model derived for a
perfectly bonded interface. This model was described in work by
Chen and Engel and was chosen because of the flexibility in
material parameters and applicability over a wide range of a/h
values.18,23 The geometry used by Chen and Engel is equivalent
to the design shown in Figure 1. The model iteratively solves for
the compliance of the top layer using the contact radius of the
multilayered substrate, a, measured during the experiment. For
this solution, material properties for the glass substrate, the polymer
film thickness, and an initial estimation for the compliance of the
top layer are required to begin calculations and determine the
compliance. A detailed explanation of the model and the com-
putational solution is given in the Supporting Information.22

Modeled compliance would only be equivalent to bulk compli-
ance if the purely bonded interface assumption held.
In all experiments performed in this work, a constant film

thickness wasmaintained to compare contact radii directly and to
create a similar stress field at the interface for all indentations.
Error bars for all indentation and water contact angle measure-
ments in this paper is reported as 95% confidence intervals with
at least four measurements, which provide an estimate of the
standard uncertainty of the measurement. For indentation experi-
ments, this error includes measurement error in the contact radii,
which was detailed in previous work.22

Cantilever Peel. The fracture energy of the polymer�glass
interface, which is analogous to adhesion, was measured by using
mechanical relationships derived for peeling of a compliant slab
from a rigid substrate.24 Detailed descriptions of the experiment
are presented elsewhere.25,26 To briefly summarize, a glass

cantilever of known elastic properties was fixed to HPC film
using Norland Optical Adhesive 81, a photocurable adhesive. A
metal spacer attached to a load cell lifted the cantilever at a rate
of 5 μm/s, causing the cantilever-polymer to peel from the
chemically modified substrate. The peel event was recorded
optically and images were correlated with load�displacement
data to determine fracture energy. Delamination occurs at the
weakest interface, so this experimental technique can only measure
fracture energy of that interface. The strength of the adhesive-
HPC interface set the upper bound for the measurable fracture
energy of the HPC�substrate interface, since a stronger HPC-
substrate interface would cause delamination from the adhesive�
HPC interface. The adhesive-HPC interface had a fracture
energy of 420 mJ/m2( 16 mJ/m2; thus, the test as implemented
could characterize polymer�substrate interfaces weaker than
this critical value. Cantilever peel measurements are presented
with standard error at 95% confidence intervals, which provides
an estimate of the standard uncertainty of the measurement.
Fracture energy is then calculated from four independent
measurements.

’RESULTS AND DISCUSSION

Before thin film indentation, a bulk HPC film was measured to
determine time-dependent HPC compliance without interfacial
effects. For these experiments, only Hertzian contact mechanics
are needed to determine the compliance of the polymer network.
The results from the bulk polymer film provided a baseline
compliance value for HPC with a perfectly bonded interface. In
the thin film indentation experiments, the compliance of HPC in
the thin film is assumed to be equivalent to the bulk polymer
network. The only difference is a manifestation of any interfacial
effects that occur and will contribute to the indentation response.
The compliance measured for a bulk HPC film is shown in
Figure 2. In this case, the bulk film and smaller spheres (3.0 mm
diameter) were used; these parameters limited the indentation
measurement to bulk polymer relaxations. The compliance mea-
sured for bulk HPC films showed only a small amount of
viscoelastic relaxation after an indentation of 10000 s. The com-
pliance and viscoelastic behavior are similar to other measure-
ments reported in literature.27 Hydrogen bonding present in the

Figure 2. Hydroxypropyl cellulose (HPC) compliance measured on a
500 μm thick polymer film. The chemical structure of HPC is shown in
the inset, where either hydroxyl or hydroxypropyl units are attached to
the cellulose ring. Indentations were performed on 100 μm thick HPC
films at 22 �C.
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HPC chain provides an additional resistance to chain relaxations,
which in turn reduces the change in compliance over time. Since
internal hydrogen bonding is critical to the reduced creep exhibited
in the bulk compliance, interfaces with the potential for hydrogen
bonding should limit interfacial relaxations. The four substrate
treatments, previously described, were prepared to test a broad
range of surface interactions.
Homogenous Interfaces. To quantify the adhesion of the

hydrogen-bonding and non-hydrogen-bonding substrates, canti-
lever peel measurements were performed. Fracture energy and
water contact angle measurements are shown in Table 1. The
hydrophilic surfaces, carboxylic acid and hydroxyl, delaminated
at the adhesive-polymer interface and had a fracture energy
exceeding the measurement capability. In contrast, the non-
hydrogen bonded fluorinated and alkyl surfaces delaminated at
the polymer�substrate interface. The fracture energy required
was inversely correlated with water contact angle, with the
highest water contact angle surface having the lowest fracture
energy. Significant variations occurred from changes in surface
chemistry, with an order of magnitude increase in fracture energy
going from fluorinated to alkyl surfaces. To delaminate hydro-
philic interfaces, at least another 2 orders ofmagnitude of fracture
energy would be required as compared to hydrophobic inter-
faces. For peel experiments, the hydrogen-bonding groups at the
interface facilitated a significant enhancement of the fracture
energy required to irreversibly delaminate the interface.
With an understanding of the fracture energy of the polymer

substrate interface, indentation contact radii were measured for
films on the fluorinated, alkyl, carboxylic acid, and hydroxyl inter-
faces for 10000 s. The indentation contact radii and the pre-
viously described model were used to determine the compliance
of each HPC indentation, and the results for each interface type
are shown in Figure 3. The indentation model for determining
polymer film compliance assumes a perfectly bonded interface,
which clearly is not the case in the fluorinated or alkyl surfaces
based on cantilever peel measurements.
In Figure 3, both interfaces with hydrogen-bonding moieties

matched compliances from bulk measurements, while the alkyl
and fluorinated interfaces displayed significantly higher modeled
compliance. When present, polar groups on the glass substrate
and within the hydroxypropyl cellulose chain developed signifi-
cant hydrogen bonding at the interface. Since the model to
quantify HPC compliance relies on a perfectly bonded interface,
compliances matching the bulk polymer demonstrate the lack of
interfacial relaxations. This purely bonded interface assumption
is further supported by inability to delaminate these surfaces with
cantilever peel. For the alkyl and fluorinated interfaces, the
model-calculated compliance was higher than predicted, caused
by the failure of the perfect bonding condition due to molecular
debonding events at the polymer�substrate interface. The
hydroxyl groups on the HPC chain cannot hydrogen bond with
an interface presenting alkyl and fluorine moieties, resulting in

weaker adhesion and eventual failure of the bonded interface
assumption. The relative ranking of the surface treatments
corroborates the cantilever peel experiments, with the fluorinated
interface having the weakest fracture energy and greatest devia-
tion from bulk compliance.
The apparent increase in compliance as compared to bulk

measurements was not due to inherent changes of the viscoelas-
tic properties of HPC, but from contributions not captured by a
model based on a purely bonded interface. At short times, the
lack of debonding events caused the indentations to appear
similar to each other, but steadily separated as the cumulative
effect of successive debonding events allowed polymer transla-
tion at the interface and a corresponding increase in the contact
radii. The interfacial relaxations developed simultaneously with
the polymer relaxations, and these interfacial effects alone con-
tribute to the deviation in the modeled compliance. This change
in the interfacial stress transfer resulted in significantly different
contact radii for different surface chemistry. For example, the
contact radius at 1800 s for the fluorinated interface indentation
was 49.5 μm ( 0.4 μm, as compared to the hydroxyl interface
contact radius of 42.9 μm ( 0.4 μm. Since the interfacial
response requires time to develop sufficiently, similar interfaces
such as the carboxylic acid and hydroxyl surfaces would likely
require further indentation or elevated temperature to distin-
guish any differences between these two interfaces.
Mixed Interfaces.With the first set of experiments, the designed

interfaces were prepared to present a single chemical moiety with
large differences in water contact angle, fracture energy, and
hydrogen-bonding potential. Since there was a significant differ-
ence between the alkyl and carboxylic acid interface measure-
ments, mixed interfaces containing both chemical moieties were
prepared to determine the effect of limited numbers of hydrogen-
bonding groups at the surface. In addition to the homogeneous alkyl
and carboxylic acid interfaces, two intermediate UVO treatments
were performed on the alkyl silane monolayer to form a mixed
surface containing both alkyl and carboxylic acid groups. HPC
films were formed using the same conditions as previously stated.
The compliance measurements for the four different interface
types and the bulk measurement are shown in Figure 4.

Table 1. Surface and Interfacial Properties of Chemically
Modified Substrates

chemical structure water contact angle (deg) fracture energy (mJ/m2)

fluorinated 111( 4 0.21( 0.01

alkyl 97( 3 7.78( 0.27

carboxylic acid 23( 2 >420( 16

hydroxyl <10 >420( 16

Figure 3. Creep compliance as deduced from a bonded model for four
different glass substrate treatments and the bulk compliance (---).
Compliance measured on hydrophilic interfaces match the bulk com-
pliance results, while hydrophobic interfaces exhibit a higher than
expected compliance due to an increase in contact radii, indicative of
debonding events at the interface. All modeled compliance results were
collected from indentations on 4.4 μm thick HPC films at 22 �C.
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All four systems separated into two response types dependent on
the interface being more hydrophilic or more hydrophobic. The
modeled compliance for each system was significantly different at
10000 s, and the two mixed interfaces had modeled compliance
between the two chemically homogeneous interfaces. With an
increase in the density of carboxylic acid groups at the surface, the
polymer chains had more opportunities to adhere strongly by
forming hydrogen bonds at the interface. Hydrogen bonding at the
interface reduced the amount and extent of debonding events at the
surface, resulting in less deviation frombulk compliance. In particular,
the separation of the more hydrophilic mixed interface required
(CR) 2500 s to appear significantly different from the bulk com-
pliance. At shorter times, the modeled compliance appears equiva-
lent, since a low number of debonding events required more time to
accumulate into adetectable deviation fromapurely bonded interface.
One problem with measuring compliance of the polymer film

on weak interfaces is that the intrinsic polymer relaxations leading

to the increase in bulk compliance have not changed, only the
interfacial effects. Isolating the interfacial response and decou-
pling the bulk compliance would allow for an improved repre-
sentation of the interfacial response to be analyzed. To remove
the effect of the bulk viscoelastic relaxations, modeled compli-
ance from all experiments were normalized to the bulk viscoe-
lastic compliance. The normalized compliance, J/Jbulk, is shown
for all six interfaces in Figure 5. The normalized compliance
should equal unity when the interface is perfectly bonded
throughout the experiment, while a system with debonding
events at the interface will have a normalized compliance above
unity. For the systems shown here, only the hydroxyl and carboxylic
acid surfaces have interfaces that match the bulk compliance over
the time scale of the entire experiment. For the other prepared
interfaces, the normalized compliance increases over time, with
the weakest interface showing the greatest increase in the
normalized compliance. The normalized compliance steadily in-
creases as the experiment proceeds, since the deviations caused
by debonding events can only further increase the contact area.
In particular, more hydrophilic interfaces reduced the rate at
which the normalized compliance deviated from unity, with the
two most hydrophilic interfaces having sufficient strength to act
as a perfect bonded interface throughout the indentation.

’CONCLUSIONS

With constant load indentations of thin polymer films, we
were able to measure indentation responses that deviated from
bulk polymer behavior due to changes in adhesion at a buried
interface. In caseswhere the interface had limited hydrogen-bonding
potential, interfacial relaxations made the perfectly bonded inter-
face assumption invalid. This failure increased the contact area
and caused the as-modeled polymer compliance to appear higher
than expected. For interfaces with the potential for hydrogen
bonding at the surface, the bonded interface assumption re-
mained valid and the as-modeled polymer compliance was equiva-
lent to the bulk compliance. The fracture energy as seen from
cantilever peel measurements strongly correlated with the extent
of interfacial relaxations, and both were able to discriminate
between the interfacial strength created by different chemical
moieties at the interface.

Interfacial relaxations could also be enhanced by reducing the
density of hydrogen-bonding groups, which decreased the num-
ber of available locations for polymer chains to adhere strongly at
the interface. The ability to probe nondestructively probe inter-
facial relaxations could be particularly informative when assessing
the interfacial contribution in nanocomposites or multilayer
polymeric structures where individual buried interfaces are not
easily accessible. Though these effects require significant time to
develop, the interfacial relaxations provide insight into the overall
effect of interfacial failures in applications where a continual
stress is applied. Since both the short-term and long-term effects
of an interface contribute to the polymer application longevity,
the ability to detect or locate suboptimal interfacial bonding prior
to complete failure permits lifetime monitoring of polymer films
and can greatly facilitate optimization of material interfaces.

’ASSOCIATED CONTENT

bS Supporting Information. Description of heterogeneous
indentation model, MATLAB methodology, and HPC example

Figure 4. Compliance measurements for indentations of hydroxypro-
pyl cellulose on an octyl (alkyl) silane substrate and three ultraviolet
ozonolysis (UVO) treated alkyl silane substrates, along with the
measured bulk compliance (---). Water contact angles for all four
systems are given, with a decrease in contact area growth with decreasing
hydrophobicity. All interface compliance measurements were indenta-
tions on 4.4 μm thick HPC films at 22 �C.

Figure 5. Normalized compliance, using the bulk HPC compliance
measurements and bonded model compliance for all developed inter-
faces. The two hydrogen-bonded interfaces show minimal deviation,
while the weaker interfaces deviate dramatically from the reduced
compliance at different rates.
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indentation measurements. This material is available free of
charge via the Internet at http://pubs.acs.org.
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