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A B S T R A C T

Modern nanofabrication processes on metals, polymers, and ceramics often require deforming these materials at
strain rates ranging ~101 – 107 s–1. Therefore, there is a need to develop an appropriate methodology capable of
measuring and predicting the effects of these deformation rates on the final mechanical response of the nano-
material being processed. Here we report an experimental study of the indentation response of three materials
with different nature and mechanical properties, but with known time-dependent mechanical responses. These
materials allow validation of the findings under a wide variety of conditions. One metal (Pb), and two polymers
(PMMA and PS), were indented at the sub-20 nm scale using commercial atomic force microscopy (AFM) probes.
Based on our experimental findings, we also propose an analytical model for creeping solids in which their
nanoscale mechanical behavior is completely described by two components: an elastic component (characterized
by the Hertz contact model) and a time-dependent component (characterized by a power-law model). The
proposed experimental protocol is easy to implement, and the analytical model can be extended to a large
variety of materials. The ability to characterize the time-dependence of the mechanical response of different
materials at the nanoscale will enable a better estimation of the effect of manufacturing processes on the
properties and performance of nanomaterials.

1. Introduction

The last decade has witnessed a rapid growth of nanotechnology
advances and applications, creating an increasing need to identify and
understand the mechanical behavior of different types of materials at
the nanoscale. The mechanical properties of soft creeping materials
such as metals,[1,2] polymers, [3-5] and biological materials [6] have
been a common topic of research, aiming to understand their behavior
under loads and deformations on the order of ~200 nm. Studies at these
dimensions have brought to light phenomena, such as size dependence,
directly related to the deformation response at these scales. Several
studies have performed micro and nanomechanical tests using metallic
and ceramic micropillars under compressive loads,[7,8] nanoindenta-
tion of metals and polymers,[2,9] and tension/torsion tests on nano-
wires. [10,11] The mechanisms underlying the mechanical behavior of
these materials at the nanoscale have been directly attributed to the
atomic and molecular arrangements of their crystalline or amorphous
structures. For instance, crystalline materials exhibit plastic deforma-
tion dependent not only on the stress but also on the deformation
gradient and material dimensions, where for dimensions lower than

10 µm the size dependence becomes pronounced, increasing the strain
hardening.[11] Therefore, as the dimensions are reduced, the strength
increases, as seen in metals and ceramics where the hardness increases
with reduction of the indentation size.[12] Similarly, the deformation
of amorphous polymers occurs by rotation and stretching of polymeric
chains, leading to the dependence of their plastic mechanical response
on the deformation rates.[13] Irrespective of the crystalline or amor-
phous nature of the material, its mechanical behavior at the nanoscale
depends on different factors intrinsic to the specific material under
study.[14,15] Thus, it is necessary to measure the deformation response
at the nanoscale to understand the specific governing phenomena.

Modern nanofabrication techniques often require deforming mate-
rials at strain rates varying according to the fabrication process and its
spatial resolution.[16] As an example, direct impression by laser fusion,
used to nanopattern semiconductors and metals,[17] uses low strain
rates (~ε̇≈ 10–4 s–1); hot embossing, often used to nanopattern poly-
mers, uses medium strain rates (~ε̇ ≈ 101 s–1); laser shock imprinting,
used to nanoform metals, uses strain rates as high as ε̇ ≈ 107 s–1.
[18,19] Unfortunately, even though understanding the mechanical
behavior of materials under these nanomanufacturing processes is
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critical for their optimization, there is no appropriate methodology
capable of measuring and predicting the strain rate dependence of the
mechanical response of the processed materials at the nanoscale.

Soft materials under load exhibit an initially elastic response fol-
lowed by a viscous, time-dependent behavior.[20,21] The time-de-
pendence of the deformation behavior of soft materials at the nanoscale
can be characterized by their indentation response at different pene-
tration rates using an indenter with known geometry.[22,23] Following
this approach here, we provide a tool to quantify the deformation re-
sponse of time-dependent materials at depths lower than 20 nm. Pre-
vious studies have used the Hertz contact model to measure Young's
modulus for materials with different stiffnesses. The measurement of a
wide range of moduli has been usually performed for indentation
depths between 2.5 and 12 nm using spherical tips with radius between
10 < R < 45 nm, considering that the Hertz model is valid for depths
h < 0.4R.[24-27] On the other hand, for viscoelastic materials, some
studies have modeled their time-dependent behavior by using apparent
stiffness modulus (E*), analogous to spring responses to describe its
elastic behavior, and dashpots to describe its viscous response.[28-30]
Even though these analyses allow measurement and prediction of time-
dependent material properties, they are based on finding functions re-
lating loads and indentation depths at a given time by solving complex
hereditary integrals, [6,30] which require substantial time and com-
putational power. Additionally, simple two- or three -parameter models
(such as Maxwell or Voigt) are often not precise enough to completely
describe the time-dependent behavior of a material, forcing the addi-
tion of more parameters to the model, thus increasing the complexity of
extracting model parameters from experimental results.

In order to fully understand the mechanical response of different
time-dependent materials at the nanoscale, we report an experimental
study of the indentation response of three materials with different
nature and mechanical properties. One metal (Pb) and two poly-
mers—poly(methyl methacrylate) (PMMA) and polystyrene (PS)—
were indented at the sub-20 nm scale using commercial atomic force
microscopy (AFM) probes. We also provide a nanoindentation model to
analyze and predict the elastic and viscous (time-dependent) response
of the materials. We demonstrate that this experimental methodology
and the proposed analytical model can be used as a simple and reliable
tool to study and predict the time-dependent mechanical behavior of
nanomaterials independent of their nature.

2. Spherical indentation of creeping solids

Several classical models have been proposed to measure the stress
and strain fields produced by a creeping solid under a rigid indenter
(Fig. 1).[31-33] Bower et al. [32] solved the problem of axisymmetric
indentation of a half-space formed by a creeping solid following a
power law as:

⎜ ⎟= ⎛
⎝

⎞
⎠

ε ε σ
σ

˙ ˙ ,
n

0
0 (1)

by using the similarity transformation suggested by Hill et al.[34],
where σ0 and ε̇0 are reference stress and reference strain rate respec-
tively, and n is the power-law creep exponent of the material. We
previously found that the reference stress can be approximated to
σ0 ≈ 0.1E, where E is the Young's modulus of the material.[35,36]
These transformations are based on the observation that at any given
time, the velocity, stress and strain rate fields in the half-space only
depend on the contact radius a and the penetration rate ḣ, and are in-
dependent of the load history for h < 0.8R (Fig. 1). Thus, the general
indentation problem is reduced to calculating stresses and displace-
ments in a non-linear elastic solid, indented unit depth by a flat rigid
indenter with unit radius (in the axisymmetric problem). In the case of
indentation by a frictionless spherical indenter, the similarity solutions
establish that the contact radius a relates to the indentation depth h, as
[32]:

=a c Rh2 , (2)

where R is the indenter radius. The constant c is a function of the
material constant n and can be understood as the ratio between the real
and nominal contact radii, where the nominal contact radius is Rh2 .
Similarly, the applied load Fv is related to the indentation rate ḣ via
[32]:
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where the constant α is again a function only of the power-law exponent
n. Values of c and α for selected values of n were deduced by Bower
et al. [32] by a series of finite element analyses and are listed in Table 1.
Equations (2) and (3) can be written in terms of effective stresses and
strains below the indenter. The effective stress σ under the indenter is
defined as:

=σ F
πa

,2 (4)

while the effective strain and strain rate under the indenter are speci-
fied as [32]:

=ε c h
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,
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respectively. Substitution of these definitions in Equations (2) and (3)
give the empirical results from Mulhearn and Tabor [31]:
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for the strain rate under an indenter in a power-law creeping solid.

3. Materials and Methods

3.1. Materials

Materials with different nature and mechanical properties, but with
known time-dependent mechanical responses, were selected in the ex-
perimental part of this study to validate the findings under a wide
variety of conditions. Three different materials known to show a time-
dependent creeping response were selected to study their mechanical
behavior at the nanoscale: a low melting point metal (Pb) and two
thermoplastic polymers, PMMA and PS.

Thin films of PMMA and PS with thicknesses between 400 nm andFig. 1. Spherical indentation model of a half-space formed by a creeping solid.
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500 nm (see Fig. 2a–d) were produced by dissolving pellets in con-
centrations of 5% in weight in Xylene and γ-Valerolactone, respectively
(both reagents in purity grades ≥ 98.5%). Approximately 100 μL of
solution was placed on glass substrates, previously cleaned by ultra-
sonic immersions of acetone, IPA and deionized water for 2 minutes
each. A spin-coating process with an angular speed of 3500 rpm for 45 s
was used to obtain thin films free of impurities.

Lead was selected as several works have used this metal (both pure
and alloyed) to study its time-dependent properties by indentation.[37-
40] Pb samples were prepared by melting ~200 g of the pure metal in a
graphite crucible at a temperature of 673 K in a furnace. The material
was kept at that temperature for ~30 min, which is sufficient to form a
uniform fluid. A small amount of the melted material (~20 g) was then
poured on a stainless-steel disc of 15 mm diameter, previously heated
for 15 min at 573 K to avoid any thermal shock that may affect the
microstructure of the material. The samples were then cooled down to
room temperature until their complete solidification, thus creating

smooth, flat surfaces appropriate for AFM analysis (see Figs. 2e-f).
These samples were kept in a sealed container at room temperature for
at least 24 hours prior to testing. Special care was taken in order to
avoid oxide formation on the surface of the samples that might affect
the measurements.

The surface morphology is an important condition to consider when
nanoscale properties must be obtained. To acquire reliable results, we
estimate that the surface roughness of the tested material must be Ra ≤
0.01R, allowing 1% error in the measurements. It is worth mentioning
that in our measurements we had an average Ra=0.12 nm
(Ra=0.005R) on a 1μm x 1μm measuring window in the materials
tested.

3.2. AFM calibration

Appropriate calibration of the AFM measurements is important to
have an adequate analysis of the measured properties.[41] Calibration

Fig. 2. Representative samples used in this study. (a) AFM topography image of a spin-coated PMMA nanolayer. (b) AFM cross-section showing the profile of the
PMMA sample in (a). (c) AFM topography image of a spin-coated PS nanolayer. (d) AFM cross-section showing the profile of the PS sample in (c). (e, f) Representative
Pb sample surface (e) before and (f) after several indentations (shown by white arrows).
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refers to the protocols required to adjust values measured by a piece of
equipment by comparing it to reference external values. The calibration
of the AFM equipment in this study involved the following variables:
sensitivity, contact force, reference stiffness, and indentation rate.

3.2.1. Sensitivity calibration
Cantilever sensitivity calibration was performed by approaching the

tip of the AFM probe to a sample material considered several orders of
magnitude stiffer than the tip. As the sample is stiffer than the tip, it is
possible to directly relate all the signals obtained by the AFM photo-
diode to the cantilever deflection, neglecting any sample deformation.
In this study, we used a flat and polished SiC sample to perform the
sensitivity calibrations. The sensitivity can be obtained from an F–Z
response as the inverse of the slope of the approach region.[19] The
sensitivity of the cantilever was measured after each test to detect any
possible change in the measurements.

3.2.2. Cantilever stiffness calibration
Sader's method[42] was followed in this study to obtain the canti-

lever stiffness k as:

=k LQω b ρ ω0.19061 Γ ( )r I r
2 2 (8)

where, Q is the quality factor of the first harmonic of the cantilever,
which can be measured by dividing the resonant frequency (ωr) by its
bandwidth (Δω); b is the cantilever width and L its length. ρ represents
the density of the fluid where the cantilever is vibrating. ΓI(ωr) is the
imaginary part of the hydrodynamic function of the system. This last
variable depends on the Reynolds number of the cantilever in the fluid
as a function of the square of the cantilever width, frequency, density,
and fluid viscosity. To find k, the vibrational and geometric char-
acteristics of the cantilever must be measured. The dimensional char-
acteristics of the cantilevers were measured by SEM, while the vibra-
tional characteristics were measured by the natural frequency of the
cantilever-tip system.

3.2.3. Penetration rate
In an AFM, it is only possible to control the piezo speed, i.e. the

approach rate of the cantilever to the sample. However, the penetration
rate of the tip into the sample depends on the properties of the parti-
cular sample. To measure the indentation rate, it is necessary to record
the variation of penetration (h) with the test time. Fig. 3 shows the
penetration rate response for a given piezo speed of 500 nm/s, where
the indentation rate reaches an approximately constant value of 166
nm/s after approximately 30 ms. The response of the penetration rate

was analyzed for each test to find the appropriate value of the in-
dentation rate employed. Further, this methodology allowed us to ex-
clude from the analysis any test with variable values of penetration
rate.

3.3. Nanoindentation tests

Nanoindentation tests were performed at standard conditions
(T = 293 K and R.H. = 50%) using an atomic force microscope (AFM;
XE7, Park Systems Inc.). Commercial silicon AFM tips with diamond-
like carbon (DLC) coating (TAP150, Budget Sensors) having a nominal
stiffness k = 5 N/m and tip radius R = 25 nm (Fig. 4) were used to
obtain the force curves. The AFM tips were imaged before and after
indentations to verify that they do not suffer significant changes in
radius. We performed indentations in different regions of the tested
materials at 8 piezo speeds varying from 10 to 1300 nm/s; each mea-
surement was repeated 10 times. We recorded load (F), piezo dis-
placements (Z), and time during each indentation. The experimental
results were evaluated using a statistical hypothesis test consisting of an
analysis of median differences with a significance level of 5%, aiming to
establish statistically acceptable differences. Note that the main interest
of this work was to describe the response of the materials during the
penetration of the tip, thus the retraction information was not con-
sidered here.

4. Results

Fig. 5a–c shows the dependence on the piezo displacement (Z) of the
applied force (F) in Pb, PMMA and PS for five different piezo speeds (Ż).
The slopes of these graphs correspond to the contact stiffness (S), which
increases with increasing piezo speeds (Fig. 5d). The strong linear
correlation (RPb

2 = 0.968; RPMMA
2 = 0.989; RPS

2 = 0.936) between S and Ż
indicates the time-dependent behavior of these materials. To ensure
that this time-dependence of S is caused by the mechanical response of
the material and not due to any instrumental artifact, we also tested a
stiff elastic material (SiC) and found no time-dependent effects on its
deformation, as shown by the horizontal line in Fig. 5d (RSiC

2 =0.976).
Fig. 6a–c shows the dependence between F and the actual pene-

tration depth (h), which is obtained by subtracting the cantilever de-
fection from the piezo displacement, = −h Z δ . The initial material
response (h ≤ 2 nm) shows an apparent elastic behavior according to
the Hertz contact model,[43] not significantly dependent on the in-
dentation rate, ḣ= Δh/Δt. After the initial elastic deformation
(h ≥ 2 nm), an inflection in the indentation response appears, ex-
hibiting a strong dependence on the indentation rate. Since the elastic
response is independent of the indentation rate and only depends on the
atomic bond stiffness,[11] the deformation behavior upon an applied
force (F) can be considered as the sum of its elastic (Fe) and viscous (Fv,
time-dependent) components (F = Fe + Fv; also see Fig. 9d–f).

An analysis of the effect of ḣ on F during tip penetration shows that,
for a constant arbitrary depth (e.g., h = 6.5 nm), the mechanical re-
sponse follows a power law as (Fig. 6d–f):

⎜ ⎟= ⎛
⎝

⎞
⎠

h h F
F

˙ ˙ ,
n

0
0

0

(9)

where ḣ0 is a reference indentation rate, F0 is a reference applied force,
and n0 is the power-law exponent describing each material (see
Table 2).

The indentation tests performed revealed that the power-law rela-
tion described above can be viewed as the relation between load and
indentation rate for a given indentation depth. Analysis of this power-
law response for different indentation depths revealed that the power-
law exponent n0 remains constant independent of the depth reached by
the indenter, as shown in Fig. 6d-f for the different materials tested.

This material response can in turn be described by a power-law
creeping behavior, such as Bower's model,[32] which gives the steady-

Fig. 3. Measured indentation rate for a selected controlled piezo speed of 500
nm/s on PMMA.
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state time-dependent response of the material as shown in Equation (1).
Fig. 7 shows the experimental dependence of ε̇ on σ for two constant

selected ɛ (e.g., 0.1 and 0.2). These results can also be described by
Bower's power law formulation (Equation 7) with the parameters listed
in Table 3. Note that for the different strains analyzed, the power-law
exponent n remains constant, as shown in Fig. 7a-c for the different
materials tested. We previously demonstrated that ε̇0 for creeping solids
can be considered as a strain-dependent parameter, [36] irrespective of
the strain history of the material. Thus, it is expected that Bower's
formulation can be extended to give the relation between the stress and
strain rate at any value of strain ε by replacing the constant ε̇0 with a
reference strain rate ε ε˙ ( )0 that is a function of strain ε. Thus Equation
(7) can be rewritten to obtain ε ε˙ ( )0 as:

= ⎛
⎝

⎞
⎠

ε ε h
cRε

ασ
σ

˙ ( )
2

.
n

0
0

(10)

To test this hypothesis, we evaluate ε̇0 as a function of ɛ at the na-
noscale. The indentation results were used as follows: From each ex-
perimental F–h curve, ε̇0 is obtained from Equation (10), where σ is
calculated from Equation (4) and ɛ is calculated using Equation (5), for
ε ≥ 0.05. At =ε 0, = ∞ε̇0 , since =σ 0. Therefore, ε̇0 must be estimated
for ɛ > 0. The time-dependent behavior defined by Equation (7) is not
expected to be precise at small strains, since the elastic (time-in-
dependent) component of the material dominates the strain response.
This procedure was repeated across a range of ɛ values to obtain cali-
bration curves ε ε˙ ( )0 . Since these curves overlap, within experimental
error, for different ḣ (see Fig. 8), the average of these curves can be used
as a master curve to predict the mechanical behavior of the materials in
the studied range of ɛ, demonstrating the validity of the extension
(Equation 10) to Bower's model. This approach is similar to some metal
plasticity theories where the yield strength is taken to be strain-de-
pendent. Physically this can be rationalized by recalling that the mo-
lecular chains in polymers rearrange with deformation, just as the yield
strength of metals is a function of accumulated plastic strain due to the
evolution of the dislocation structure.

5. Analytical model

We now propose an analytical model capable of predicting the
mechanical behavior under applied force based on the experimental
material response for time-dependent materials at the nanoscale. The
model is derived based on the following assumptions: (i) the indenta-
tion response at the nanoscale using commercial AFM probes can be
approximated to spherical indentations up to maximum depths of a/
D=0.4 (Fig. 1), reaching maximum effective strains ɛ ≈ 0.4; (ii) phy-
sical phenomena present near the surface (friction, adhesive, attractive,
and repulsive forces) are neglected, as the forces causing the de-
formation of the material are considerably greater than these; (iii) the
Hertz contact model[44] can accurately describe the elastic response of
the materials, with a Young's modulus independent of ε̇; (iv) the viscous
(time-dependent) response of the material at a constant temperature is
appropriately described by a power-law model following Bower's for-
mulation,[32] with ε ε˙ ( )0 as described by Ossa et al.[35]; and (v) the
changes in S reflect the actual material deformation after Ż correction
(Fig. 3).

The total effective stress σ on the material is then written as the sum
of its elastic σe and viscous (time-dependent) σv components. Thus, for a
given arbitrary load history, σ can be written as:

= +σ σ σ ,e v (11)

with the elastic response given by:

= ⎛
⎝ −

⎞
⎠

σ π E
ν

ε8
3 2 1

,e
2 (12)

where, E is the Young's modulus and ν the Poisson's ratio of the mate-
rial. The viscous response of the material can be written as:

⎜ ⎟= ⎛
⎝

⎞
⎠

σ ασ ε
c ε ε

2 ˙
˙ ( )

.v
n

0 2
0

1/

(13)

To obtain the stress produced by a given strain history it is necessary
to solve Equations (11)–(13) for a given time.

Fig. 9 demonstrates the accuracy of the proposed analytical model

Fig. 4. AFM nanoindentation test. (a) Schematic diagram of the AFM nanoindentation system. (b) Topographical image of a representative indentation on PMMA. (c)
SEM image of the spherical tip of a representative commercial AFM probe used for the nanoindentation. (d) 3D AFM topographical image showing the geometry of
the nanoindentation in (b).

Fig. 5. Time-dependent nanomechanical response of Pb, PMMA, and PS up to a piezo displacement (Z) of 40 nm after contact. (a–c) F–Z curves for Pb, PMMA, and PS,
respectively, at five different piezo speeds (Ż). (d) Comparison between the contact stiffness (S) of time-dependent materials (Pb, PMMA, PS) and a non-time-
dependent material (SiC), as a function of Ż.
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Fig. 6. Dependence on the penetration depth (h) of the applied Force (F) for (a) Pb, (b) PMMA, and (c) PS at different indentation rates (ḣ). (d–f) Log-log plots of ḣ–F
response for Pb, PMMA, and PS, respectively, at two different penetration depths, showing that the slope is independent of h for the same material. Hollow circles and
squares represent experimental results (N = 10), while dashed lines represent model predictions (Equation 9).

Fig. 7. Dependence on the effective stress of the effective strain rate for (a) Pb, (b) PMMA, and (c) PS. Hollow circles and squares represent experimental results
(N = 10), while dashed lines represent model predictions (Equation 7; log-log plot). The slope is independent of ɛ for the same material.

Fig. 8. Calibration curves ε ε˙ ( )0 for (a) Pb, (b) PMMA, and (c) PS at different penetration rates (ḣ). The overlapping of these curves for a particular material
demonstrates their independence of the penetration rate.
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to predict the F–h response at different ḣ (material parameters listed in
Table 3). Note that we used different experimental results to obtain the
calibration function ε ε˙ ( )0 (Fig. 8) than those used to demonstrate the
accuracy of our model (Fig. 9). Fig. 9d-f show the independent elastic
and viscous responses, demonstrating how, following a Maxwell de-
scription (Equation 11), where the elastic and viscous components work
in series, it is possible to accurately capture the overall response of the
material, leading to good agreements with experimental results.

Fig. 10 shows the stress–strain response for selected indentation
tests on the materials studied following the model proposed, showing
good agreement between experiments and model.

6. Approximate calibration of the model

Four parameters, E, n, ε ε˙ ( )0 , and σ0 characterize the deformation
behavior in the model proposed to describe the mechanical behavior
under load in a time-dependent material at the nanoscale. An approx-
imate calibration procedure with three steps, requiring a minimum of
two nanoindentation tests is described below:

Step 1: The first step is related to the characterization of the time-
dependent (viscous) behavior. Two indentation tests at different
piezo speeds ≠Z Z˙ ˙1 2 (e.g. =Ż 101 nm/s and =Ż 10002 nm/s) must
be performed. For each of the tests the penetration rates ḣ must be
measured, and for a given indentation depth h0 > he (e.g.

=h 120 nm with h0 < 0.4D) its respective measured values of load F1
and F2 must be found. Then, Equation (9) can be used to get:

=n
h h
F F

log( ˙ / ˙ )
log( / )

,0
1 2

1 2 (14)

α and c can be found in Table 1. Now use Equations (4) and (6) to
calculate σ and ε̇ for each of the tests at the depth h0 and then find n,
using:

Fig. 9. Comparison between the experimental results and the proposed analytical model predicting the F–h mechanical response at different penetration rates for (a)
Pb, (b) PMMA, and (c) PS. Model prediction of the applied force (F) as the sum of its elastic (Fe) and viscous (Fv) components for (d) Pb, (e) PMMA, and (f) PS.

Table 1
Values for the parameters n, α, and c from the power- law model (re-
produced from Bower et al. [32]).

n α c

1 0.849 0.707
1.11 1.085 0.747
1.25 1.332 0.788
1.43 1.602 0.831
1.66 1.886 0.875
2 2.176 0.92
2.5 2.465 0.966
3.33 2.734 1.013
5 2.973 1.065
10 3.11 1.128
100 3.051 1.201

Table 2
Estimated values from the power- law model in Equation (9).

Parameter Pb PMMA PS

n0 7.24 17.77 3.38
ḣ0 (nm/s) 10.22 0.80 1.06
F0 (nN) 281.23 433.03 31.36

Table 3
Indentation model parameters for the tested materials.

Parameter Pb PMMA PS

n 6.14 15.60 3.15
α 1.27 1.32 1.12
c 0.82 0.65 0.82
σ0 (MPa) 331 364 59
E (GPa) 3.31 3.64 0.59

J.C. Múnera, et al. Mechanics of Materials 148 (2020) 103443
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=n
ε ε
σ σ

log( ˙ / ˙ )
log( / )

,1 2

1 2 (15)

and calculate again the values of α and c for n.

Step 2: The second step constitutes characterizing the elastic beha-
vior of the material: obtaining the Young's modulus, E. The two
indentation results previously used can be employed to extract this
parameter. The trajectories of both indentation responses can be
expressed as:

→ = +Z F F Ffor ˙ ,e v
1 1 1 1 (16)

→ = +Z F F Ffor ˙ ,e v
2 2 2 2 (17)

where, F is the experimentally measured load. Fv is the load component
corresponding to the time-dependent (viscous) response (Equation 3);
while Fe represents the Hertzian elastic response during indentation:

= −F E R h ν4 /3(1 )e
3/2 2 . Substitution of (3) and Fe in (16) and (17) and

replacing, gives:

= −

−
−

E F AF

h Ah( )
,

R
ν

2 1
3

4(1 ) 2
3/2

1
3/2

2 (18)

where =A ( )( )h
h

h
h

n˙
˙

1/2
1

2
1

. In this solution, we assumed, from experience
and previous results, that the reference stress can be approximated as
σ0 ≈ 0.1E and the value of Poisson's ratio ν was known for the material
tested.

Step 3: Finally, the calibration function ε̇0 can be found from one of
the experimental results as:

⎜ ⎟= ⎛
⎝

⎞
⎠

ε ε h
a

απa σ
F

˙ ( )
˙

,v

n

0
2

0

(19)

where, a is found from Equation (2) and Fv is calculated as:

= −F F Fv e (20)

Thus, a minimum of two indentation tests at different piezo speeds
suffice to approximately calibrate the proposed model. A higher
number of tests can be performed to increase the statistical accuracy of
the fitted parameters and hence ensuring the uniqueness of the results.

The unique determination of mechanical properties from in-
strumented indentation methods has been a subject of recent study,
leading to the use of neural network methods to improve the accuracy
from experimental results on inverse problems. Recently, Lu et al.[45]

exploited the capabilities of deep-learning algorithms to ensure the
uniqueness of the mechanical behavior of results obtained from in-
strumented indentation. It is expected that the implementation of such
technologies along with the experimental methodologies described in
this work would improve the accuracy of the results obtained. This
work is proposed as a topic which merits future study.

7. Discussion

A simple methodology to extract time-dependent properties of ma-
terials at the nanoscale consisting of AFM indentation tests has been
developed. By testing three very dissimilar materials we intended to
evaluate any possible limitation to capture the time-dependent beha-
vior at the nanoscale. However, our model proved to be able to capture
the response even with these differences in material nature.

It is worth considering that our model was based on the solution of
the problem of axisymmetric indentation of a half-space formed by a
creeping solid. The half-space condition can be reached if the sample
thickness tested is at least t ≥ 5h. The proposed model is able to de-
scribe the material behavior for indentation depths lower than 20 nm
using a tip diameter D = 50 nm and a minimum of 2 indentation tests.
This model was evaluated for < <− ε10 ˙ 101 1 s−1, reaching piezo speeds
ranging 10 < Ż < 1300 nm/s. If the material response at higher values
of ε̇ is required, Ż must be increased. However, for Ż >1500 nm/s, the
impact forces during the initial tip-sample contact must be considered.
On the other hand, for Ż < 10 nm/s, we suggest using a load-controlled
indentation instead of the piezo speed control.[46] We expect the ma-
terial response to be independent of the control method used for the
indentation.

Since the experimental F–Z curves of the tested materials exhibit
minimal adhesive tip-sample effects (negligible negative forces in
Fig. 5a–c), our initial assumption of frictionless contact is valid. Re-
calling that the self-similar analysis of Bower et al. [32], and the de-
termination of the constants c and α for frictionless conditions are valid
for a/D < 0.4, our experiments were valid up to maximum indentation
depths of hPb = 11.9nm, hPMMA = 18.9nm and hPS = 11.9nm. Beyond
these indentation depth levels, finite strain effects play a significant role
and the simple model presented here is expected to be unable to capture
the indentation response. Full finite element solutions of the field
equations would be necessary to obtain the indentation response in
such cases. On the other hand, if the adhesive forces are high, the model
can be easily adjusted to extract properties with tip-sample friction by
replacing the parameters α and c from Table 1 with the parameters
obtained by Bower et al. [32] for adhesive friction contact. However,
special care must be taken under such conditions as the determination
of the constants c and α are valid only for a/D < 0.2.

The F-h responses during nanoindentation predicted by the pro-
posed model show that the elastic behavior of the time-dependent

Fig. 10. Comparison between the experimental results and the proposed analytical model predicting the σ − ε response at different penetration rates for (a) Pb, (b)
PMMA, and (c) PS.
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materials studied can be characterized by an elastic (time-independent)
component, which is independent of the loading rate, and a viscous
component fully dependent on loading rate. Fig. 9d-f shows that the
elastic components of the three materials studied can be considered
fully independent on the loading rate, in contrast to other models that
propose the use of elastic rate-dependent components (E*).[28-30]

The −σ ε responses shown in Fig. 10 start with a quasi-linear be-
havior [47] followed by a nonlinear regime with different responses for
the three materials studied. Pb exhibits an initial linear behavior fol-
lowed by quasi-intermittent deformation packages (bursts) without
apparent strain hardening (Fig. 10a). For metals, the strain response at
nanometric levels is governed mainly by strain packages induced once a
necessary energy has been reached to begin the movement of the dis-
location density existing in the volume of the contact region.[48,49]
PMMA, on the other hand, shows a pronounced drop in stresses after
ɛ≈ 0.15 (Fig. 10b), indicating a strain-softening process. [50] PS shows
an approximately constant stress behavior for ḣ < 93 nm/s (Fig. 10c),
implying that the material has reached a fully plastic flow. [51] In the
case of polymers, the nanoscale deformation mechanisms can be ex-
plained by softening due to free volumes or flexure of the polymeric
chains.[52-54] A unified theory explaining the deformation mechan-
isms at the nanoscale, however, has not yet been established and fur-
ther work in this area is required.

It is important to note that the mechanical properties of thermo-
plastic polymers and soft metals are not only strongly dependent on
time, as described in this paper, but also on temperature.[55] The
model proposed here can be easily extended to incorporate temperature
effects on the mechanical behavior, following well-established tem-
perature models.[56,57] For instance, it has been proven that for
crystalline solids the energy-activated Arrhenius equation is useful to
describe the effect of temperature on the time-dependent properties.
[58] In the case of polymers, temperature effects are usually described
by the Williams-Landel-Ferry equation,[57] which employs a super-
position principle considering the intrinsic characteristics of the mate-
rial (i.e., glass transition temperature, free volume, etc.).[59]

8. Concluding remarks

In summary, we proposed a simple methodology to characterize and
analytically model the mechanical properties of time-dependent mate-
rials at the nanoscale. This methodology can be implemented on any
AFM system using commercially available probes. Our proposed model
describes the material's behavior as the sum of its elastic (Hertz contact
model) and time-dependent components (power-law model). This
analytical model requires only two sub-20 nm F–Z curves (at different
piezo speeds) to accurately describe the mechanical behavior of a tested
material across strain rates ranging < <− ε10 ˙ 101 1 s−1, which is re-
levant for common parallel nanopatterning processes such as nanoim-
print or step-and-flash imprint lithography. Additionally, this model is
independent of the stress history of the material since it uses a for-
mulation in which one of its parameters ε( ˙ )0 is a function of the material
strain. We envision that the proposed methodology will enable the
optimization of the outcomes of large-scale nanomanufacturing tech-
niques in light of the nano-mechanical properties of the processed
material.
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