
1. Introduction
Nowadays, polymers play an important role in the
development of thin coatings and bulk materials for
high-performance applications in biomedical, aero-
space, and automotive industries in which enhanced
surface properties are required. This application de-
mands appropriate surface mechanical characteriza-
tion methods at micro and nano scales. Depth sens-
ing indentation holds the promise of in situ estima-
tion of surface mechanical properties from the meas-
ured force-penetration displacement (P–h) data.
Knowledge of the influence of experimental condi-
tions upon polymers’ mechanical response and the

development of proper methodologies are funda-
mental elements for the design of polymeric compo-
nents.
RTM6 is a mono-component epoxy resin especially
developed for the aerospace industry, and it is widely
used as a matrix of composite materials. Surface me-
chanical properties characterization of similar grades
of epoxy resins via nano-indentation experiments
have been the focus of recent research [1–4]. Fron-
tini et al. [4] explored the nano-indentation response
of RTM6 at different strain rates and found incon-
sistent trends in mechanical properties – determined
by the Oliver-Phar method – with strain rate.
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The Oliver-Pharr method [5] is suitable for elasto-
plastic solids but not for materials that exhibit time-
dependent behavior, strain softening and hardening, 
and pressure dependency [6–8]. These polymer’s 
mechanical characteristics cause the indentation 
elastic modulus and hardness values to depend on 
the applied contact conditions. Many efforts have 
been undertaken towards finding the proper testing 
conditions and procedure modifications to become 
the Oliver-Pharr analysis reliable for polymers [8, 
9–12]. However, all these attempts are useful for ma-
terial comparative purposes but do not capture the 
actual constitutive behavior of polymers [13]. 
The unambiguous identification of constitutive pa-
rameters from nano-indentation data is a challeng-
ing task that requires proper polymer’s constitutive 
models [14–19], finite element modeling of the 
complex indentation problem, and inverse analysis 
methods [20]. The number of studies for materials 
that displays time and hydrostatic-dependent pres-
sure-dependent behavior is still scarce [20–22]. 
Most of the studies deal with poly(methyl methacry-
late) (PMMA) and polycarbonate (PC) materials 
[20–22]. Rueda-Ruiz et al. [20] proposed an inverse 
analysis approach to extract the elastoplastic prop-
erties from instrumented sharp micro-indentation in 
rate- and pressure-dependent materials and validat-
ed it for PMMA. However, neither viscoelastic ef-
fects nor strain-hardening effects were considered 
in the method [20]. van Breemer et al. [21] were ca-
pable to reproduce relatively well the micro-inden-
tation and uniaxial compression responses of 
PMMA and PC using a twelve-parameter elastic-
viscoplastic constitutive model. Anand and Ames 
[22] developed a more complex elastic-viscoplastic 
constitutive model that fitted quite well the micro-
indentation response of PMMA using more than 
30 parameters. Even though these works stated the 
basis for future constitutive parameter identification 
methods via inverse analysis for polymers, the au-
thors remarked that a simplified constitutive model 
with a minimum number of essential parameters is 
still required [22].
In this work, a nine-parameter elastic-viscoplastic 
constitutive model (EVP-9) is chosen to describe the 
main features of RTM6 mechanical behavior. It be-
longs to a series of models that combine linear elas-
tic springs, viscoplastic dashpots, and non-linear 
Langevin springs elements in parallel networks de-
veloped by Bergström [23]. These models have been

widely adopted to simulate the mechanical response
of several polymers under different test configura-
tions, including indentation [14, 17, 18, 24–29]. To
implement constitutive models that are not already
available in finite element (FE) software, like
ABAQUS, a user material subroutine (UMAT) is al-
ways required. In the case of the EVP-9 model, the
UMAT can be easily implemented using the com-
mercial PolyUMod application [23]. This software
allows the user to build a constitutive model select-
ing the combination of elements -with different con-
stitutive relationships- in parallel.
In this paper, the pronounced effect of loading strain
rate on RTM6 indentation response is shown. Then,
to give insight into the observed strain rate effects,
FE numerical simulations are carried out considering
the EVP-9 constitutive model calibrated using
macroscale uniaxial stress-strain data.

2. Material and methods
2.1. Material and sample preparation
A commercial epoxy system utilized for resin trans-
fer molding in the aerospace industry, RTM6
(HexFlow® RTM6, Hexcel Corporation, Stamford,
USA), was used in this study. The RTM6 material
block was prepared following the thermal cycle and
procedure described by Morelle et al. in [30].
Nano-indentation specimens were prepared by pol-
ishing one face of the RTM6 block up to a surface
roughness (Ra) lower than 1 nm was reached. The
specimen looks like a yellow transparent prismatic
block (2 mm thick).

2.2. Nano-indentation experiments
Physical nano-indentation experiments were per-
formed in a Triboindenter (TI 750, Hysitron Inc.,
Minneapolis, USA) at room temperature using a di-
amond Berkovich tip and three-step load functions
(loading/holding/unloading). No drift correction was
applied to displacement data.
Tests were carried out at a constant indentation strain
rate. For geometrically self-similar tips, indentation
strain rate (ε·) is defined as [31–32] (Equation (1)):

(1)

where h· is the indenter displacement velocity, and h
is the indenter penetration depth into the specimen.
The loading force (P) was assumed to be related to
ε· and time (t) by [33] (Equation (2)):

h
h

f =o
o
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(2)

where P0 is the initial contact force (taken as 1 μN).
Four different loading constant strain rates (CSR)
were applied in the experiments (ε· = 0.01, 0.05, 0.25,
and 1.25 s–1). The CSR range was selected according
to the testing system’s capability to acquire reliable
data. The maximum CSR value was limited by the
response capability of the equipment, while the min-
imum was by the influence of thermal drift errors in
displacement signal for long time experiments. The
minimum CSR value was chosen as the lowest value
at which P–h curves appeared as reproducible as for
the other CSR conditions.
In exploratory tests, the maximum applied load (Pmax)
was varied from 1500 to 6000 μN, holding time at
maximum load (thold) was taken as 5 and 10 s, while
unloading time (tunload) was kept constant at 1 s. The
following testing conditions were finally selected to
analyze the effect of CSR on P–h curves: Pmax =
6000 μN, thold = 10 s, and tunload = 1 s. For each CSR
condition, 16 indentations were conducted on the
RTM6 specimen. No size-effects are expected at the
penetration depths achieved in the experiments [34].
Plastic work values (Wp), i.e., the energy spent in
plastic deformation, were determined by integrating
the loading and holding portion of P–h curves (total
work done) and subtracting the area under the un-
loading portion (visco-elastic recovery).
Reduced elastic modulus (Er) and indentation hard-
ness (H) values were calculated following Oliver and
Pharr approach [5]. This method assumes that the
material behavior during unloading is elastic and
proposes a power law fitting function for the unload-
ing curve. The contact stiffness (S) is calculated as
the slope of the unloading curve at the beginning of
unloading, i.e., at h = hmax (hmax is the maximum in-
denter penetration depth into the specimen). The
contact depth (hc) is calculated as (Equation (3)):

(3)

where ε is a tip geometry factor equal to 0.75. Er and
H are calculated as (Equations (4) and (5)):

(4)

(5)

being Ac the actual contact area obtained from mul-
tiple indentations in a standard PC sample (Equa-
tion (6)):

(6)

2.3. EVP-9 material constitutive model
The constitutive model consists of three separate el-
ements arranged in two networks (A and B) that act
in parallel, as shown in Figure 1. The total Cauchy
stress (T) and deformation gradient (F) are given by
(Equations (7) and (8)): 

(7)

(8)

Network A is composed of a linear elastic spring
connected in series with a viscoplastic dashpot,
while network B is made by a non-linear Langevin
spring. The kinematic framework of the model is
deeply described elsewhere [26], while the constitu-
tive relationships between T and F are described
below.
The stress acting on networks A and B are (Equa-
tions (9) and (10)):

(9)

(10)

where J = det[UA
e ] and ϑe is a 4th-order tensor that

contains elastic parameters (the Young modulus (E)
and Poisson ratio (ν for isotropic materials, μ is the
shear modulus, λlock is the locking stretch,
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Figure 1. Rheological representation of elastic-viscoplastic
EVP-9 constitutive model framework.



BB = J–2⁄3FFT the distortional part of the left Cauchy-
Green tensor (Equation (11)):

(11)

ϑ–1(x) the inverse Langevin function.
The plastic strain rate γ·p is related to the stress actig
in the viscoplastic element through a power-law re-
lationship (Equation (12)):

(12)

where τ̂ is the shear flow resistance, m is the shear
flow exponent, fp is the pressure dependence of the
flow element given by (Equation (13)):

(13)

being (Equation (14))

(14)

with TM, the von Mises stress. fep is a function that
captures strain softening after yield as (Equa -
tion (15)):

(15)

where ϵp is the applied effective Mises plastic strain,
ff is the final value of τ̂ after softening and ε̂ is a char-
acteristic transition strain.
From these relationships, nine constitutive parame-
ters emerge: E, ν, τ̂, m, ε̂, ff, μ, λlock and τt/c. There-
fore, the model is here called EVP-9 model (nine-
parameter elastic-viscoplastic model).

2.4. Calibration of EVP-9 constitutive model
for RTM6

E and ν were taken directly from the material techni-
cal data sheet of RTM6 (HexFlow® RTM6, Hexcel)
while τt/c was calculated from reported data in [35].
The rest of the constitutive parameters (τ̂, m, ε̂, ff, μ
and λlock) were calibrated with the aid of a commer-
cial application that allows semi-automatic extraction
of material parameters from experimental data
(MCalibration®, PolymerFEM.com). A three-step

procedure was developed using RTM6 uniaxial ten-
sile and compression experimental data reported in
the literature for different strain rates by Morelle et
al. [30]. Parameters were first initialized and subse-
quently refined using different portions of uniaxial
stress-strain curves. μ and λlock parameters were de-
termined from the last portion of stress-strain curves
measured at low strain rates while τ̂, m, ε̂, and ff pa-
rameters were adjusted from yielding and strain-soft-
ening portions of uniaxial stress-strain curves at dif-
ferent strain rates.

2.5. Finite element modeling of Berkovich
indentation

An axisymmetric 2D model was implemented in a fi-
nite element analyzer (Abaqus 6.14/Standard, Das-
sault Systemes Simulia Corp., USA) to simulate the
response of RTM6 specimen to Berkovich indenta-
tion at different constant loading strain rates. The in-
denter was modeled as a rigid cone with an equivalent
apical angle of 70.3° that has the same projected area
to penetration depth ratio as the Berkovich tip. This
is a common approach to accommodate the actual tri-
angular pyramidal geometry in an axisymmetric con-
figuration [20, 21, 36–38]. RTM6 sample behavior
was described by the calibrated EVP-9 constitutive
model. The constitutive model was implemented in a
UMAT using the PolyUMod software [23]. The con-
tact between the indenter and sample was considered
frictionless, and no interpenetration was admitted.
The RTM6 sample was modeled as a rectangle, which
was set large enough to avoid boundary effects. Four
nodded quadrilateral elements were used to consider
shear stresses. As shown in Figure 2, very fine meshes
of a similar size were created at the indenter edge-tip
and the contact point of the specimen with node-on-
node first touch, while a coarse mesh size was created
in the boundary area where no deformation was com-
puted aiming to reduce computational time. Both
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Figure 2. Finite element mesh used in simulations of
Berkovich indentation.



specimen rectangle and element sizes were varied
systematically until simulated P–h curves resulted in-
dependently of them.

3. Results and discussion
3.1. Physical nano-indentation experiments 
3.1.1. Effect of maximum load and load-hold

time
Nano-indentation response of RTM6 sample was first
explored by varying Pmax and thold in the experi-
ments. Some of the results are shown in Figures 3a
and 3b. As expected, the loading segment of the P–h
curves exhibits a parabolic shape. During the load-
hold period, the tip displacement increases due to the
viscous creep phenomenon. On unloading, visco-
elastic displacements are recovered, leaving an in-
dentation imprint on the sample surface (the indenter
losses contact with the sample surface at large pen-
etration displacements). Experiments display very
good reproducibility as judged by the overlapping of
the loading portions of P–h curves obtained at dif-
ferent Pmax.
As Pmax increases keeping constant CSR, thold and
tunload, the maximum tip penetration depth, the
creep displacement during the load-hold stage, and
the residual penetration depth increase (Figure 3a).

In addition, reducing the load-hold time while keep-
ing constant CSR, Pmax and tunload conditions cause
a decrease in the maximum tip penetration depth due
to a smaller creep displacement (Figure 3b).
S, Er and H values from the Oliver and Pharr ap-
proach are listed in Table 1, together with Wp values.
H does not exhibit the marked increasing trend ex-
pected with decreasing indentation depth (i.e., de-
creasing Pmax) from indentation size effects; they ap-
pear almost constant. As Pmax increases, S and Wp
markedly increase, while Er is slightly enhanced.
The influence of thold on indentation response due
to the creep effect is also reflected in the calculated
parameters, as it is usually observed in polymers [8,
10–12]. For the highest Pmax condition, S and Er de-
crease while H and Wp increase with decreasing thold
from 10 to 5 s. 
The highest Pmax and thold values assayed during ex-
ploratory tests were selected to study the effect of
CSR on the indentation response of RTM6 since vis-
cous effects seem to be more evident.

3.1.2. Effect of CSR on RTM6 nanoindentation
response

For each CSR condition, an average load-time (P–t)
curve was calculated from the 16 replication tests.
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Figure 3. Typical P–h curves obtained in exploratory physical nano-indentation experiments at CSR = 0.25 s–1: a) four dif-
ferent maximum applied loads and b) two different load-hold times.

Table 1. Contact stiffness, reduced elastic modulus, indentation hardness, and plastic work values determined from P–h
curves measured in exploratory experiments at CSR = 0.25 s–1.
Pmax
[μN] 1500 3000 4500 6000 6000

thold
[s] 10 10 10 10 5

S [μN/nm] 9.85±0.10 14.73±0.07 18.23±0.07 21.80±0.05 21.06±0.06
Er [GPa] 3.61±0.04 3.77±0.02 3.82±0.03 4.02±0.02 3.92±0.02
H [MPa] 256.13±3.43 247.55±1.10 249.43±3.33 260.55±4.02 265.66±2.52
Wp [nJ] 0.194±0.003 0.550±0.004 0.991±0.011 1.441±0.020 1.393±0.010



In Figure 4, the average P–t curves obtained for the
different CSR conditions are shown together with the
standard error for time data. P–t curves resulted in
highly reproducible as judged by the small standard
error bars. 
The shape of the loading part of P–t curves is con-
sistent with the applied exponential loading function
(Equation (2)), and the time required to complete
the indentation experiments increases with decreas-
ing CSR.
The effect of CSR on RTM6 indentation response is
depicted in Figure 5, in which representative inden-
tation P–h curves (Figure 5a) and creep displace-
ment growth during the load-hold period (Figure 5b)
are compared. The indentation response is affected
by the loading history. On loading, P–h curves shift
upwards with increasing CSR, indicating that the
sample resistance to indentation gradually increases

with CSR. As well, the penetration displacement at
which the maximum load is reached decreases, and
the maximum displacement attained in the whole ex-
periment increases. Also, the maximum displace-
ment attained at the end of the load-hold period be-
comes larger at higher CSR. This means that RTM6
is more susceptible to creep during the load-hold pe-
riod at higher CSR (i.e., shorter loading times) since
creep deformation is not fully exhausted during the
loading stage.
Equivalent results have already been reported in the
literature for other polymeric materials and testing
conditions, confirming the greater creep susceptibil-
ity of polymers with increasing indentation loading
rate [11, 12, 39, 40]. Shen et al. [39] explored the
strain rate effect (0.02–2 s–1) on the indentation re-
sponse of neat polyamide 66 (PA66) and clay nano -
composites and found that creep displacement at the
load-hold stage significantly increases with increas-
ing strain rate. Jin et al. [40] investigated the effects
of indentation loading rate conditions (0.0375–
3 mN/s) on the PMMA sample and observed a pro-
nounced decrease in displacement during loading
and a marked increase in creep displacement as the
indentation rate increases up to 1 mN/s. Yasin et al.
[11] investigated the effect of strain rate (0.02–1 s–1)
upon the indentation response of low density poly-
ethylene (LDPE) in CSM mode and also observed
an increase in creep displacement with increasing
strain rate. Similar studies carried out by Iqbal et al.
[12] on ultrahigh molecular weight polyethylene
(UHMWPE) at varying strain rates (0.02–2 s–1)
showed that P–h curves shift towards lower inden-
tation depths along with an increase in peak load by
increasing the indentation strain rate.
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Figure 4. Average load-time curves obtained in physical
nano-indentation experiments at different CSR
conditions. In all cases, thold = 10 s and Pmax =
6000 μN.

Figure 5. Indentation response of RTM6 sample at different CSR conditions: a) representative P–h curves; b) representative
h–t curves in the load-hold period.



P–h curves obtained at different CSR were analyzed
following the Oliver-Pharr approach; the determined
parameters are reported in Table 2. The contact stiff-
ness appeared to be unaffected by CSR, probably due
to the fast-unloading rate and the load-hold period
used in the experiments that minimized the influence
of creep phenomena on the unloading curve [9]. Er
and H values show decreasing trends with increasing
loading strain rate, which do not correlate with the
conventional mechanical properties’ dependence on
strain rate. Elastic modulus must show practically no
variation with strain rate, while hardness, which is
proportional to yield stress, should increase with in-
creasing strain rate in agreement with the Eyring
equation [41]. According to Oliver-Pharr method
equations [5], surface mechanical properties depend
on the contact area (Equations (4) and (5)). Ac in-
creases with contact penetration depth (Equations (6)),
which in turn increases with maximum penetration
depth (Equations (3)). As it was shown in Figure 4,
hmax increases with increasing CSR. Therefore, the
source of the observed trend in Er and H values with
CSR arises from Ac estimation. Because of the vis-
cous nature of RTM6 behavior, the Oliver-Pharr ap-
proach yields rather unreliable nanomechanical prop-
erties and a dependence on loading strain rate that
differs from that of the conventional bulk mechani-
cal properties of RTM6 epoxy polymer [30, 35].
Tang and Ngan [10] proposed adapting the Oliver-
Pharr method to viscoelastic materials discounting
the creep contribution to the maximum displacement
in contact depth estimation. This procedure will
yield an increasing trend in Er and H values with an
increasing loading strain rate. This method is only a
phenological approximation [10] that does not de-
scribe the inherent polymer behavior dependence
with strain rate. 
Plastic work values are also shown in Table 2. Wp
increase as CSR increases, indicating that RTM6 be-
haves more plastic at higher strain rates. Shen et al.

[39] explain this phenomenon as follows: as the in-
dentation strain rate is faster, there is less time for
the polymer chains to recover elastically after the ex-
ternal load removes, leading to plastic deformation
left in the sample.

3.2. Simulated indentation response
To interpret the effect of strain rate on the indenta-
tion response of RTM6 epoxy resin, the sharp inden-
tation problem of an elastic-viscoplastic material
was numerically simulated using the FE model de-
scribed in Section 2.5. The constitutive parameters
of the EVP-9 model were first determined, as de-
scribed in Section 2.4. Then, the FE model was used
in forward analysis to simulate indentation P–h
curves for the same CSR, Pmax, thold and tunload con-
ditions than those used in physical nano-indentation
experiments. A sensitivity analysis of P–h curve to
EVP-9 model parameters was carried out comple-
mentary.

3.2.1. EVP-9 constitutive model parameters of
RTM6

Two relevant studies specifically dedicated to the de-
formation characterization of RTM6 epoxy resin
under different strain rates and loading conditions
have been published [30, 35]. Morelle et al. [30] ex-
perimentally studied the non-linear deformation
properties of RTM6 as a function of strain rate (in
the quasi-static range) and temperature under various
stress states involving uniaxial tension, notched ten-
sion, uniaxial compression, torsion, and shear con-
figurations. They show that RTM6 exhibits a classical
rate, temperature, and hydrostatic pressure-depen-
dent behavior, with yielding followed by strain soft-
ening and re-hardening at larger strains and impor-
tant viscoplastic effects [30]. Gerlach et al. [35]
studied the mechanical behavior of RTM6 epoxy
resin at strain rates ranging from 10–4 to 104 s–1.
Their investigations evidence that the material yield
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Table 2. Contact stiffness, reduced elastic modulus, indentation hardness, and plastic work values determined from measured
P–h curves at different CSR conditions.

CSR
[s–1]

0.01 0.05 0.25 1.25
S [μN/nm] 21.68±0.07 21.62±0.08 21.80±0.05 21.51±0.57
Er [GPa] 4.06±0.05 4.03±0.03 4.02±0.02 3.94±0.09
H [MPa] 267.17±6.72 263.56±3.73 260.55±4.02 257.19±3.46
Wp [nJ] 1.225±0.012 1.338±0.008 1.441±0.020 1.604±0.010



stress increases with increasing strain rate and shows
a strong hydrostatic stress sensitivity [35].
The advantage of the EVP-9 constitutive model over
more complex ones relies on the fact that every con-
stitutive parameter is directly related to a specific
characteristic of the stress-strain behavior. E and ν
are the elastic properties, τ̂ is related to the elastic
limit or material yields stress, m and τt/c are respec-
tively linked with yield stress-strain rate and hydro-
static pressure dependencies, ε̂ and ff are associated
with post-yielding softening behavior, while μ and
λlock are linked with strain hardening. This feature
allowed the staggered identification of each model
parameter from specific portions of the stress-strain
curves. The determined constitutive parameters for
RTM6 epoxy resin are listed in Table 3.
In Figure 6, the experimental data reported in [30] for
RTM6 under uniaxial compression at different con-
stant displacement rates (i.e., different constant engi-
neering strain rates) are compared with the ones pre-
dicted by the calibrated EVP-9 model. The predicted
uniaxial compression stress-strain (σ–ε) curves were
obtained using the MCalibration application. Overall,
good agreement between experimental and predicted
σ–ε curves is observed except for the highly non-lin-
ear behavior that anticipates the extrinsic yield point.
EVP-9 model slightly overestimates the magnitude
of the yield peak, but it can capture the strain rate de-
pendence of the compressive yield stress. The model
reproduces the elastic as well as the post-yield strain-
softening and strain-hardening behaviors with accu-
racy. The discrepancy in the shape of the σ–ε curve
that precedes the yield peak is inherent to this kind
of model [42]. In fact, Ames and Anand [16] com-
mented that even if these types of phenomenological
models capture the large deformation elastic-vis-
coplastic response of polymers quite well, they are
less successful in accounting for the creep response
at stress levels below those causing ‘macro-yield’. A
more powerful constitutive model that well describes
the micro-indentation response of PMMA has been
proposed by them [22]. However, such a model
would result impossible to adopt here since it requires
the knowledge of more than thirty constitutive pa-
rameters, which are currently unknown for RTM6.

3.2.2. Effect of CSR on simulated RTM6
indentation response

Simulated RTM6 indentation P–h curves at the dif-
ferent CSR conditions are presented in Figure 7a.
The portion of P–h around the load-hold step is
zoomed in to gain clarity in Figure 7b.
Simulated P–h curves exhibited very similar charac-
teristics to those of physically measured P–h curves
(Figure 5). They display appreciable creep displace-
ment growth at maximum indentation load. As the in-
dentation strain rate increases, the penetration depth
achieved at the end of the loading step decreases. As
well, the maximum penetration depth attained at the
end of the load-hold stage increases (Figure 7b).
Moreover, the unloading P–h curve appears to be un-
affected by the previous loading strain rate.
The dashpot element in network A (Figure 1) and the
plastic strain rate power law relationship of the stress
acting in the viscoplastic element of the EVP-9
model (Equation (12)), which depends on m, ε̂, τ̂
and ff parameters were quite successful in reproduc-
ing the loading strain rate dependence of the RTM6
indentation response observed in the studied CSR
range in physical experiments (Figure 5).
In Figure 8, physically measured and simulated in-
dentation curves are compared for each CSR condi-
tion. A quite good correlation is found between phys-
ically measured data and numerical simulations,
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Table 3. EVP-9 constitutive parameters of RTM-6 epoxy resin used in numerical simulations.

Parameter E
[GPa] ν τ̂

[MPa] m ε̂ ff
μ

[MPa] λlock τt⁄c

Value 2.89 0.4 121.99 29.9 0.25 0.12 0.4 1.36 0.66

Figure 6. Comparison of experimental uniaxial compression
stress-strain curves for RTM6 at different displace-
ment rates [30] with EVP-9 constitutive model
predictions.



despite the simplicity of the EVP-9 constitutive
model, the fact that EVP-9 model parameters were
calibrated using macroscale experimental data pub-
lished elsewhere [30, 35], the idealization of the
Berkovich indentation problem in the FE model and,
the experimental errors. Overall, in all CSR condi-
tions, simulated P–h curves are slightly shifted to

larger displacements. The model predicted P–h curve
is less steep during loading, tip displacement at the
load hold is smaller, and residual penetration depths
are larger than those registered in physical measure-
ments. Discrepancies in the loading curve may be
partially attributed to the ideally sharp indenter adopt-
ed in FEM simulations since actual Berkovich tips
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Figure 7. Simulated indentation response of RTM6 at different CSR conditions: a) P–h curves; b) zoom portion of P–h curves
around the load-hold period.

Figure 8. Comparison of P–h curves obtained in RTM6 nano-indentation experiments and numerical simulations for different
CSR: a) 0.01 s–1; b) 0.05 s–1; c) 0.25 s–1; d) 1.25 s–1.



are always blunted. It has been shown that the steep-
ness of the P–h curves grows with the tip roundness
[43]. FEM experiments did not consider the actual
tip geometry because its roundness is unknown.

In Figure 9, plastic work values determined from sim-
ulated P–h curves are plotted as a function of CSR.
This plot confirms that plastic work increases as the
strain rate increases for an elastic viscoplastic mate-
rial. Despite model assumptions and problem ideal-
ization, Wp values obtained from simulations overlap
those obtained from physical nano-indentations.
From the comparison of P–h curves shown in
Figures 5a and 7), it can be stated that the FE model
is able to capture the effect of load loading strain rate
on creep displacement growth at the load-hold pve-
riod even if its results are slightly underestimated.
However, the dependence of the inelastic deforma-
tion energy on the loading strain rate is excellently
reproduced (Figure 9). As well, contact stiffness val-
ues (S) determined from simulated curves are inde-
pendent of CSR in agreement with those obtained
from physically measured P–h curves (Table 2).
Finally, to analyze the influence of EVP-9 parameter
values on Berkovich indentation response, several
simulations were performed using the FE model and
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Figure 9. Comparison of plastic work values determined
from measured and simulated P–h curves for dif-
ferent CSR.

Figure 10. Influence of selected EVP-9 model parameters on simulated Berkovich indentation responses at CSR = 0.25 s–1:
a) m; b) τ̂; c) ff; d) λlock. Load was normalized by Pmax (6000 μN) and displacement by the maximum tip displace-
ment for the base case parameter.



making one EVP-9 model parameter vary while
keeping the other constitutive parameters constant.
Representative results of this sensitivity analysis are
shown in Figure 10. It was found that Berkovich in-
dentation response is mainly influenced by E, ν, m
and τ̂, slightly affected by ε̂ and ff and practically un-
affected by μ and λlock parameters. The latter means
that parameters associated with strain-hardening be-
havior could not be easily and unambiguously iden-
tified from Berkovich nano-indentation data.

4. Conclusions
Indentation strain rate-dependent deformation be-
havior of an aerospace-grade epoxy resin was exper-
imentally explored by nano-indentation tests con-
ducted at constant loading strain rates ranging from
0.01 to 1.25 s–1. It was appreciated that the maxi-
mum displacement achieved at the end of the load-
hold period was larger at higher indentation strain
rates. This means that the epoxy sample is more sus-
ceptible to creep during the dwell period at higher
strain rates and so that creep deformation is unable
to fully develop during the indentation loading stage.
Plastic work also increases with increasing loading
strain rate.
Indentation simulation experiments considering a
nine-parameter elastic-viscoplastic constitutive model
which captures time-dependent behavior, strain soft-
ening and hardening and uneven yielding under mul-
tiaxial stress states were able to reproduce reasonably
well the indentation response of the RTM6 sample
and to predict almost perfectly the plastic work val-
ues for the studied constant loading strain rates.
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