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Adhesive forces significantly affect elastic modulus determination
of soft polymeric materials in nanoindentation
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Abstract

The present study investigated the effects of adhesion on the elastic modulus determined from nanoindentation curves for soft polydi-
methylsiloxane (PDMS) elastomers with five different crosslink concentrations. Indentation load-displacement curves were obtained for samples
of all concentrations at four different peak loads. All load–displacement curves were nearly linear, resulting in load independent contact stiffnesses
(pb0.003) for the range of loads tested. As a result, elastic modulus calculated from nanoindentation curves with the Hertz contact model exhibited
significant differences (pb0.004) both at different peak loads for a single PDMS concentration and between different PDMS concentrations at a
single peak load (pb0.001). The differences for different peak loads were attributed to the presence of substantial adhesive forces at the tip–sample
interface. By taking these adhesive interactions into account with the Johnson, Kendall, Roberts (JKR) contact model, the differences in elastic
modulus at different peak loads could be reconciled. Significant differences (pb0.001) in moduli between different PDMS concentrations were still
present. The results highlight the importance of considering adhesive forces in nanoindentation analyses of low modulus polymeric materials.
© 2006 Elsevier B.V. All rights reserved.
1. Introduction

As compliant elastomeric polymers find greater use in mi-
crofabricated devices [1,2], nanocomposites [3], and tissue en-
gineering scaffolds [4,5], suitable techniques for determining
the mechanical properties of these materials at the nanoscale
must be devised. While bulk mechanical testing techniques,
such as uniaxial tension, unconfined compression and rheo-
metry can be readily used to characterize bulk homogeneous
specimens, the presence of small testing volumes and material
heterogeneities confounds the use of these techniques in the
above applications. With its ability to map localized mechanical
properties on a submicron scale, nanoindentation has effectively
been utilized to characterize many different materials, including
metallic and piezoelectric films [6,7], polymeric coatings [8],
and even mineralized tissues such as bone and teeth [9,10].
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Since nanoindentation theory and instrumentation were initially
developed for hard, elasto-plastic materials however [11–13],
studies with soft polymeric materials have been very limited
[14,15]. Thus, nanoindentation of these compliant materials still
requires further validation and suitable modification to obtain
quantitatively accurate and reproducible results.

Traditional indentation analyses are based on the Hertz
contact model [16], applicable for ideal elastic materials expe-
riencing infinitesimal deformations. According to the Hertz
model, for indentation of a flat smooth substrate by a rigid,
spherical indenter, the elastic modulus of the substrate can be
obtained from indentation load–displacement curves as
follows:

EH ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S3ð1� v2Þ2

6RP

s
ð1Þ

where EH is the elastic modulus of the substrate, v is the
Poisson's ratio of the substrate, R is the nominal radius of
curvature of the indenter tip, P is the applied load, and S is the
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Fig. 1. Load vs. displacement curves for different PDMS crosslink concentra-
tions at 15 μN applied load. Fig. 3. Elastic modulus calculated from the Hertz model (Eq. (1)). Significant

differences in EH are observed both for different applied loads for a single
PMDS concentration (pb0.0028) and between different PDMS concentrations
for a single applied load ( pb0.0014).
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material stiffness (S=dP / dh) evaluated at P. The classic Hertz's
model is a hard contact model that does not take adhesive
interactions into account. The Johnson, Kendall, Roberts (JKR)
model, which accounts for interfacial forces outside the
Hertzian contact area, is the most applicable adhesion model
for compliant materials indented with spherical probes with a
large radius of curvature [17–19]. According to the JKR model:

EJKR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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where Fpo is the adhesive pull-off force at the tip–sample
interface. Since adhesive interactions may play a significant role
in nanoscale contact mechanics, the following study further
Fig. 2. Unloading stiffness of different PDMS concentrations (10_1 to 30_1) at
5, 10, 15, and 20 μN peaks' applied load. Linearity of the load–displacement
curves leads to stiffness values that are nearly independent of the applied load
(pN0.05) for each concentration, though significant differences (pb0.001) exist
between different PDMS concentrations. Samples with the highest ratio of base
to crosslinking agent (25_1 and 30_1) are the most compliant.
elucidates the effects of adhesion forces on the elastic modulus
determination of soft (EH less than 5 MPa) polydimethylsilox-
ane (PDMS) elastomers by nanoindentation [19].

2. Materials and methods

Details of the PDMS sample preparation method have been
published elsewhere [19]. In brief, 15 samples were prepared by
mixing five different ratios (10:1, 15:1, 20:1, 25:1 and 30:1) of a
siloxane monomer with a crosslinking agent (Sylgard Elastomer
184, Dow Corning Corporation, Midland, MI, USA). Solutions
weremixed and poured in containers with a glass bottom surface.
Fig. 4. Elastic modulus calculated from the JKR model (Eq. (2)). Significant
differences in EJKR are observed between different PDMS concentrations for a
single applied load (pb0.0014). There are no significant differences in EJKR for
different applied loads for the 10_1, 15_1, and 30_1 PDMS concentrations. For
20_1 and 25_1, there are significant differences between EJKR for 5 μN and
10 μN peak loads only.
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Samples were cured for 2 weeks at room temperature, cut, and
subsequently glued to metal platens for nanoindentation testing.

Nanoindentation measurements were performed using a
Hysitron TriboIndenter (Hysitron Inc., Minneapolis, MN) with
closed loop feedback in load-controlled mode. Bearing in mind
small deformation constraints, 5, 10, 15 and 20 μN peak loads
were applied to each sample at room temperature using a
100 μm radius of curvature diamond conospherical tip. A trap-
ezoidal loading profile was selected; once the tip was brought
into contact with the sample, the load was applied at a rate of
1 μN/s, held for 20 s at the maximum load to permit viscoelastic
dissipation, and subsequently withdrawn at a rate of 1 μN/s.
Load and displacement were recorded simultaneously during
indentation. Multiple indents (10–12) were performed at each
of the four loads for all five PDMS crosslink concentrations
(220 indents total). Indentation stiffness (S=dP / dh) was eval-
uated at the maximum load and depth from the initial unloading
portion of the load–displacement (L–D) curve. Pull-off forces
(Fpo) between the diamond conospherical tip and PDMS sub-
strates, as measured by Carrillo et al. [19], were then used to
calculate elastic moduli from load displacement curves using
both the Hertz and JKR models (Eqs. (1) and (2)). Statistical
analyses were performed using a one-way analysis of variance
(ANOVA) with Fisher's least significant difference PLSD post
hoc test for multiple comparison (Statview, version 5.0, SAS
Institute Inc., NC, USA). In all cases, p-values less than 0.05
were considered statistically significant.

3. Results

Fig. 1 shows typical L–D curves for the different PDMS concen-
trations at 15 μN applied load, with similar trends observed for the other
loads. The L–D curves for all PDMS concentrations are nearly linear for
the range of loads tested. Thus, there are no significant differences
(pN0.05) in the unloading indentation stiffness at different loads for a
single PDMS concentration (Fig. 2). However, stiffness values between
different PDMS concentrations for the same applied load are
significantly different (pb0.05). As expected, samples with higher
monomer to crosslinker ratios (25_1, 30_1) are more compliant (Fig. 2).

The Hertz elastic moduli (EH) calculated from the stiffness values
(Fig. 3) exhibit substantial variations with both applied load and PDMS
concentration. For all samples there are significant differences
(pb0.003) in EH between all four applied loads for a single PDMS
concentration. For a given applied load, there is also a significant
difference (pb0.001) in EH with PDMS crosslink concentration.

In order to elucidate the effect of adhesive forces on elastic modulus
determination, the JKR model (Eq. (2)) was used. Previously [19]
calculated values for Fpo varied from 93.1±6.8 μN (for PDMS 10-1) to
43.6±3.6 μN (for PDMS 30-1). Taking these adhesive forces into
account, the elastic moduli calculated according to the JKR model
(EJKR) are nearly equivalent for different applied loads for each PDMS
concentration (Fig. 4), though the values are less than half the mag-
nitude of the corresponding EH. The significant differences in modulus
with PDMS crosslink concentration are maintained for EJKR.

4. Discussion

PDMS is known to exhibit nearly ideal elastic behavior
under finite strain conditions with minimal viscoelastic effects
(tan δb0.01). Hence, the elastic modulus should be constant
and consistent for a range of nanoindentation loading con-
ditions. According to the Hertz's model, for a linear elastic
material, a constant value for EH is obtained only when the
indentation stiffness is proportional to the applied load as
follows: S∝P1 / 3. In the present experiments, S is independent
of P for 5 μN≤P≤20 μN. According to Eq. (1), EH is then
proportional to P−1 / 2, rendering the calculated EH value a
stress-dependent quantity.

For the JKR model (Eq. (2)), EJKR is a non-linear function of
P and Fpo. For a constant indentation stiffness, as obtained in
the preceding experiments, EJKR∝ f (P, Fpo, P /Fpo)

−1 / 2. For the
PMDS concentrations tested, Fpo may be anywhere from 2 to 20
times the applied load P. In this case, EJKR=(KFpo)

−1 / 2, where
K is approximately constant. Thus, EJKR is also nearly
independent of P, with the absolute value determined
experimentally from S and Fpo. In fact, the presence of
substantial adhesive forces is also what leads to S values that
are independent of P for the PDMS samples. The indentation
stiffness measured from L–D curves is dependent upon the total
load (P+Fpo) experienced by the material. For linear elastic
materials with adhesive interactions, the indentation stiffness is
supposed to be a non-linear function of both components (P,
Fpo) of the total load. If Fpo dominates the total load, the
stiffness do not change significantly with the increasing applied
load (P), leading to nearly linear L–D curves.

The preceding work demonstrates that including adhesive
forces in the analysis of the nanoindentation data elucidates the
apparent linearity of the L–D curves and reconciles the dif-
ferences in EH observed at the different applied loads. This data
unequivocally shows that consideration of the adhesion energy
at the tip–sample interface is requisite for determining accurate
elastic moduli of PDMS samples and other soft, elastomeric
materials from nanoindentation experiments.
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