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Advances in the application of polymers for electrochemical cells require an
understanding of their viscous deformation mechanisms and their interaction
with moisture. Nanoindentation offers a localized, microscale testing alter-
native to traditional tensile testing. However, the viscoelastic nature of the
polymers, combined with their increased compliance, presents challenges in
the analysis of nanoindentation results. In addition, the dependence on
moisture results in significant scatter and low repeatability. This study com-
bines nanoindentation and tensile testing as a verification method and com-
pares different correction protocols for static nanoindentation to investigate
the mechanical behavior of polymer electrolyte membranes. Comparisons of
different indentation devices, analysis methods, and indentation protocols
show a significant overestimation of Young’s modulus using the classical
Oliver—Pharr method compared to values determined from tensile tests.
Nanoindentation at different humidity levels revealed different mechanisms
leading to a decrease in Young’s modulus and hardness with increasing

humidity.

INTRODUCTION

Increasing renewable energy efficiency and its
competitiveness to conventional fossil fuels has
become crucial around the world. The energy crisis
in Europe in 2022 was the latest example of the
importance of renewable energy. Hydrogen tech-
nologies offer an appealing prospect for the in-depth
decarbonization of global energy systems.

Polymer electrolyte membrane fuel cells
(PEMFC) and water electrolyzers use a polymeric
proton-conducting material as an electrolyte. A
typical membrane on the market is Nafion™ 117,
which—as for all polymers—exhibits viscoelastic
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properties, i.e., it has a time-dependent mechanical
response. Understanding the mechanical properties
and deformation mechanisms of soft and compliant
polymers like Nafion is therefore an integral part of
the PEMFC performance investigation. For exam-
ple, stress relaxation partially controls the water
uptake, interfacial mass transport, diffusion, and
polymer swelling of PEMFCs. On the one hand,
polymer swelling due to water absorption and the
clamping pressure leads to membrane creep, which
can result in the separation of the electrodes from
the membrane, i.e., delamination.>® On the other
hand, stresses in the PEMFC caused by clamping
the membrane, or by changing its levels of hydra-
tion during operation, result in thinning spots,
which may lead to the development of pinholes or
contact between membrane and electrode.* These
pinholes have also been linked to the swelling and
thinning.>®
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Tensile testing is the traditional macroscale tool
for characterizing the mechanical behavior of poly-
mers, including the viscoelastic properties as well as
the behavior beyond the yield point.>"® At the
microscale, nanoindentation provides Young’s mod-
ulus and hardness; thus, the combination of these
two methods seems promising to establish correla-
tions between the macroscopic- and microstructure-
related properties not only for PEMs but also for
other compliant polymers.

Understanding the micromechanical deformation
mechanisms of Nafion through nanoindentation
could provide valuable information about the pin-
hole formation and other microscopic structural
changes within the membranes. However, there are
only a limited number of studies on nanoindentation
of Nafion. Xia et al.? investigated the influence of
temperature on Nafion using nanoindentation, but
did not find a specific correlation with temperature.
The loading conditions were shown to affect the
apparent mechanical behavior. A faster load/unload
rate, longer dwell time, and low maximum load
helped to mitigate the creep effect in nanoindenta-
tion.'® Zhang et al.'! investigated the creep proper-
ties by nanoindentation and modeling, and observed
a significant increase in creep displacement above
70°C due to the glass transition. In addition, using a
dimensionless parameter, it was shown that the
load could have a greater influence on creep than
temperature.!! The viscous properties of polymers
pose a challenge to the nanoindentation method by
introducing artifacts.'®!® Nanoindentation mea-
surements of polymers generally overestimate the
Young’s modulus in comparison to tensile tests.™* ¢
Some authors'”'® have proposed to correct the
nanoindentation analysis approach for polymers
by various modifications, such as increasing the
holding time at the maximum load, faster strain
rates, or analyzing only part of the unloading curve.
These methods have never resulted in a generally
accepted test and analysis protocol, and the obser-
vations regarding the mechanisms remain
ambiguous.

This study aims to improve nanoindentation
analysis for compliant polymers, such as Nafion.
We examined the difficulties and intricacies of
mechanical measurements of Nafion at both the
micro- and macroscale using different nanoindenta-
tion protocols, analysis methods, and instruments.
We studied their applicability with respect to repro-
ducibility and accuracy, which will contribute to our
understanding of polymer deformation and provide
guidelines for investigating compliant polymers.

SAMPLES AND METHODS

Samples

Four Nafion117 membranes, treated with differ-
ent solvent mixtures to simulate the coating process
and to investigate whether the alcohol-water mix-
ture affects the membrane stability in the absence

of a metal catalyst, and one Nafion NR212 mem-
brane with a different thickness compared to
Nafion117, were prepared (Table I) and tested using
tensile testing and nanoindentation. The solvent
mixture for the cathode (K+) had a 1:2 ratio of n-
propanol/water, while the solvent mixture for the
anode (A—) had a 2:1 ratio for the same compounds.
The membrane was placed on the heated vacuum
plate of the ultrasonic coating system (ExactaCoat;
Sono-Tek) before spraying the solvent mixture onto
Nafion117. The temperature was set to 80°C for
(K+) and 90°C for (A—), and the spray flow rates
were 0.3 mL/min for (K+) and 0.2 mL/min for (A—).
These conditions simulate typical spray parame-
ters.'® The membranes changed color and appeared
yellow after treatment under certain conditions. To
eliminate the discoloration, the Nafion117 mem-
branes were soaked in deionized water after the
spraying process. These samples are labeled with
H50 in Table I. After soaking the membranes, they
were dried in ambient environment.

Tensile Experiments

The tensile samples were tested using a universal
testing machine (Instron 4400; Instron, Darmstadt,
Germany) equipped with a 5 kN load cell (Doli
Elektronik, Munich, Germany). The samples were
deformed using wedge grips, and the strain was
determined based on the cross-head displacement,
because the compliance of the frame is insignificant
compared to the compliance of the polymer samples.
The time-dependent force and displacements were
converted into engineering stress and strain values,
respectively, given the initial gauge dimensions of
each sample measured. Figure 2 shows a typical
stress—strain curve.

The force and displacement signals, and conse-
quently stress and strain, exhibit considerable
vibrations and inherent noise over time, which
requires smoothing prior to analysis. The filtering
stability was evaluated by the gradient o:

0; — 0j-1

% e 1
where o¢; and ¢ represent the stress and strain
values, respectively, in two adjacent time incre-
ments. The main objective of the filtering process is
to preserve the gradient § of approximately 20 (as
illustrated in Fig. 1b), to ensure that a comparison
between different measurement parameters is not
affected by any distortions or phase shifts in the
passband. Therefore, we retained the original data
while minimizing any potential signal alterations
and noise.

The scipy.signal package was used (scipy v.1.7.1)
to apply the Butterworth and median filters.?’ First,
we applied a low-pass Butterworth filter with an
adjusted cut-off frequency. The cut-off frequency
depends on the experimental parameters, such as
the displacement rate. The corresponding cut-off
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Table I. The five membranes tested in this work and the applied treatment on each of them, where

present and “none” is not present

““” is

Membrane Label Cathode
Nafion 117 Untreated N:)}le
Nafion 117 K+/H50

Nafion 117 K+/A—/H50

Nafion 117 K+/ A— v
Nafion NR212 Untreated thin None

Anode Hydration Thickness (um)
None N:)}le 178
N?}le v 178
178
None 178
None None 51
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Fig. 1. Analysis of the stress—strain gradient ¢ (untreated Nafion117, displacement rate 5 mm/min): (a) unfiltered and filtered signals such that
m ~ 20 is maintained. A zoom of the final displacement data highlights the remaining signal noise; (b) filtered signal and transition point between
the elastic and plastic regimes (black) and the breakage point (red); (c) magnified region of the gradient § around the transition point, which
marks the beginning of an almost constant ¢; (d) magnified region of the gradient 6 around the breakage point, which is the last point before the

load drop (Color figure online).

frequencies of {355, £ s~ ', and 11 s were used for

displacement rates of 5 mm/min, 50 mm/min, and
500 mm/min, respectively, correspondlng to strain
rates of 0. 002 s7%,0.02 s7%, and 0.2 s™. The strain

rate in the tensﬂe tests was determined as ¢ = %t)),

where L is the initial sample length and v(¢) the
crosshead speed. The thin Nafion NR212 mem-
brane, and a displacement rate of 500 mm/min |,
produced the highest noise/signal ratio. To improve
the signal, a median filter with a kernel size of 21
was applied. After smoothing the signal, specific
curve segments and points were identified (Fig. 2)

to quantify the scatter and evaluate the validity of
the results:

1. Young’s modulus, E was evaluated from a linear
fit to the curve in the elastic regime:?

Oelastic F/AO
E=—"""= 2
A /Lo (2)

where gastic and €qastic are the stress and strain in
the elastic regime, respectively, F' is the applied
force, Ag the initial cross-sectional area, L the
initial sample length, and A; the crosshead
displacement.

€elastic
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Fig. 2. Typical stress—strain curve from tensile testing (untreated
Nafion117 with a displacement rate of 5 mm/min corresponding to a
strain rate of 0.002 s~') and the applied processing steps. The
unfiltered signal is in blue, the low-pass filtered signal in orange
(Butterworth filter). The transition from elastic to plastic deformation
is marked with a black cross; material failure is marked with a red
cross. The linear part of the stress/strain curve, which is below 40%
of the stress in the transition point, is used to determine the elastic
slope (green line); the plastic regime is fitted by a second order
polynomial (red line) to the stress—strain curve after the stress in the
transition point (Color figure online).

2. The plastic deformation, x, was determined as
the slope in the plastic regime based on a second
order polynomial fit:

__ Oplastic F/AO
€Eplastic Ag, / Lo

(3)

3. The transition point is the point at which elastic
deformation ends and plastic deformation be-
gins. To minimize the influence of signal noise in
the elastic region of the curve, the transition
point is defined as the 10th point after the
gradient 6 assumes a negative value for the first
time (Fig. 1c).

4. The breakage point is defined as the last point
with a positive gradient o.

Young’s modulus of a membrane is a measure of
elasticity or stiffness of the material, indicating the
maximum allowable mechanical deformation before
the membrane undergoes irreversible deformation.
A membrane deformed in the elastic regime can
recover to its original state after unloading and
remain stable during operation. However, if the
deformation exceeds the transition point, the mem-
brane will experience plastic deformation, resulting
in permanent neck propagation and thinning, ulti-
mately leading to failure at the breakage point.

Nanoindentation Experiments

To evaluate the effectiveness of the analysis
methods, two different instruments were used: a
Nano XP nanoindenter (MTS Systems, Eden
Prairie, MN, USA) with a diamond Berkovich tip,
and a Fischerscope H100 indenter (Helmut Fischer,
Sindelfingen, Germany), with a diamond Vickers

tip. The Fischerscope was placed inside a glove box
under a protective Ar environment with minimal
humidity (~ 0.1%). The untreated Nafion117 mem-
brane was cut into 1 cm x 1cm pieces and glued on a
steel substrate with cyanoacrylate glue, ensuring
that there was no air between the membrane and
the substrate. The membranes had a surface rough-
ness R, of ~ 18 nm as measured with an Olympus
LEXT OLS4000 3D microscope.

We conducted an additional set of experiments on
the untreated Nafion117 membrane using a Nano
XP indenter and a Hysitron TI 980 triboindenter
(Hysitron, now Bruker, Eden Prairie, MN, USA)
with a Berkovich tip and a XSol humidity cell to
measure the influence of relative humidity (RH) in
the sample during the nanoindentation experi-
ments. With the Hysitron setup, we were able to
directly control the RH. The membrane sample was
tested in both ambient conditions (RH 30%) and
elevated humidity (RH 90%) without any change to
its initial dry state. The measurements were con-
ducted at a temperature of 30°C. Prior to each
measurement, a settling time of 1 h was maintained
to achieve humidity equilibrium between the envi-
ronment and the sample. According to Bauer
et al.,?” Nafion reaches humidity equilibrium in 25
min. For comparison, dry and wet membranes were
tested under ambient conditions using the Nano XP
to mimic changes of RH.

The dry sample, i.e., the control sample for testing
the effect of moisture, was prepared by keeping the
sample in the glove box for 5 days, resulting in a
water content of ~ 0%, which was determined by
gravimetry. The wet sample was in water for 3 days
and excess water droplets were removed. The water
content was determined gravimetrically as 20.1 +
1.6% based on three measurements of three sam-
ples, which is in good agreement with literature
values.?® A completely dried sample (with 0% water
content) underwent a rapid rehydration process in
the indenter chamber within a few minutes. Despite
rehydration, the water content did not exceed 7%
under ambient conditions when the laboratory
humidity varied between 20 and 40% (measured
with a portable USB temperature and relative
humidity data logger (EL-USB-2-LCD; EasyLog,
UK) during summer and winter.

The indentation experiments performed with the
Nano XP and Fischerscope were load-controlled,
and the Nafion117 membranes were loaded at two
different load rates. In the Nano XP, constant load
rates of 0.15 mN/s and 1.5 mN/s were applied, to a
maximum load of 15 mN, then the maximum load
was held constant for 15 s and 60 s, respectively, to
allow for a variation of the viscoelastic response
during unloading. In the Fischerscope, the load was
applied according to d,/p/d t to the same maximum
load. The load was applied in 100 s and 10 s followed
by a hold segment of 15 s and 60 s, respectively. The
unloading time was equal to the loading time for all
the experiments. For comparison with the tensile
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Table II. Summary of the nanoindentation instruments used on Nafionll7 in this study, analysis

methods,'*'”!® and settings (shown as maximum load/loading time/holding time)

Test Purpose Instruments Settings Analysis

1 Comparison of analysis Nano XP; Fischer- 15 mN/100 s/15 s; 15 mIN/10 Ocliver—Pharr,'” Ngan,?®
methods scope s/60 s Mokhtari'*

2 Investigation of humidity Nano XP 15 mN/10 s/60 s Oliver—Pharr!”
influence Hysitron 3 um/10 s/60 s

tests, the strain rate during the indentation exper-
iments was estimated as ¢ = considering

g
p

maximum load and loading time. However, it needs
to be noted that the strain rate was not constant
during the indentation experiments. A drift correc-
tion was not applied because the thermal drift was
below 1 nm/s; thus, the displacement variation due
to thermal drift relative to the maximum displace-
ments of 6 um was negligible. The experiments
performed with Hysitron were displacement-con-
trolled, the maximum set displacement was 3 um,
the loading time was 10 s, and the hold time was 60
s. The unloading time was equal to the loading time.
The nanoindentation experiments and instruments
used are summarized in Table II.

Analysis of Nanoindentation Data

The viscoelastic nature of polymers renders the
Oliver-Pharr method’” wunsuitable for their
mechanical characterization.?® Over the years, sev-
eral corrections have been proposed to improve the
Oliver—Pharr method for polymers, two of which
will be evaluated in this study. We started the
analysis of the indentation data by determining the
stiffness, S, from the unloading portion of the load—
displacement (P-h) curves using a power law fit
with parameters B, hf and m:

dP
S - E‘h:hmax :B(h - hf)m|h (4)
Oliver and Pharr!” established that the contact
depth A, can be evaluated from the depth for
axisymmetric tips by using a geometric constant
e =0.75:

:hmax

he=h e (5)
The contact area A, was then evaluated based on
the contact depth as A, = 24.5h2. Since in this
study indents 4-6 um deep were analyzed, a perfect
tip shape was assumed. The reduced modulus was
determined using:

E, - V™
"2VA,

The hardness is H = %.
c

(6)

Finally, Young’s modulus of the material was

. 2 12 .
determined from I% =1 7+ E_" , assuming vy = 0.07
r 12

and E; = 1140 GPa for Poisson’s ratio and Young’s
modulus of diamond, resg)ectively, and v = 0.49 for
Poisson’s ratio of Nafion.

Following the approach introduced by Mokhtari
et al.,'* we analyzed the unloading stiffness at
different time increments along the loading curve
instead of evaluating the stiffness only at 98% of
P.x. Following this approach, good agreement of
Young’s modulus values of thermoplastic polymers
determined by nanoindentation and tensile tests
was reported,’* while the Oliver—Pharr method
overestimated Young’s modulus by a factor of three.
In the following, the incremental analysis of the
unloading curve will be referred to as the Mokhtari-
correction.

In addition, we analyzed our data following the
approach introduced by Ngan et al.,'®?® which is
based on a correction of the apparent stiffness, S,
and provides a corrected stiffness Se:

1 1 hy
~_t_ M 7
S.~S B, (7)

where S is the apparent contact stiffness at the

onset of unloading (Eq. 4), Ay, is the displacement
rate determined using the numpy gradient func-
tion®? over the last half second prior to unloading,
and P, is the prescribed unloading rate. Young’s
modulus is then determined using S, in Eq. 6. We
will refer to this method as the Ngan-correction in
the following.

RESULTS AND DISCUSSION
Tensile Experiments

Figure 3 shows the stress—strain curves for the
membranes with different surface treatments
(Table I) deformed at a displacement rate of 5 mm/
min. The elastic segments of the deformation curves
are compared for the five membranes (Fig. 3a),
resulting in comparable Young’s modulus values
between 0.21 GPa and 0.23 GPa (Fig. 3b). The thin
membrane, Nafion NR212, showed a larger spread
in the curves and a larger standard deviation in the
elastic modulus compared to the Nafion117 mem-
branes because the machine vibrations have a
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Fig. 3. (a) Stress—strain curves for membranes with different surface treatments and thickness deformed at a displacement rate of 5 mm/min
(corresponding to a strain rate of 0.002 s~ ') and the determined mechanical properties at ambient conditions; inset the crease at the yield point.
(b) Young’s modulus, E, evaluated in the elastic regime (on the left) and slope « evaluated in the plastic regime (right). Both slopes account for
initial specimen geometry. Error bars correspond to the standard deviation of the mean value (of at least five measurements).
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Fig. 4. Viscoelastic behavior of the untreated Nafion117 membrane and the mechanical properties determined: (a) stress—strain curves
determined at different displacement rates, i.e., 5 (in black), 50 (in yellow) and 500 mm/min (in blue), corresponding to strain rates of 0.002 s,
0.02 s™', and 0.2 s~ respectively; (b) Young’s modulus, E, and slope in the plastic deformation regime «. Error bars represent the standard
deviation of the mean value, derived from a minimum of three measurements (Color figure online).
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greater effect on the thin membrane results than for
the thicker Nafion117 membranes.

In our investigation, we note a distinct crease in
the stress—strain curves of untreated membranes at
the yield point (illustrated by the black and green
curves in the inset of Fig. 3a). This crease occurring
at the transition from elastic to plastic behavior is
particularly pronounced in the thinner membrane,
Nafion NR212. indicating the onset of necking and
that the yield point was reached. The corresponding
yield strength ranged between 10 MPa and 12 MPa.
Subsequently, the necking phenomenon propagates
and stabilizes, at which point homogeneous defor-
mation was observed until rupture.?®*° Notably, the
introduction of (K+), (A—), or Hs0O treatments
eradicated the observed crease in stress—strain
behavior, indicating more homogeneous deforma-
tion without necking instability in the tensile
specimens subjected to surface treatments.

When comparing the membranes, notable differ-
ences in their tensile behavior become more pro-
nounced beyond the yield point. The treated and
untreated membranes exhibit distinct variations in
the failure stress and failure strain, spanning from
200% to 400% for failure strain and 25-35 MPa for
failure stress. These distinctions are further eluci-
dated in the bar graph (Fig. 3b) on the right),
depicting the slope of plastic deformation x leading
up to failure, which ranges from 0.04 GPa to 0.1
GPa.

The observed differences in mechanical properties
between the membranes subjected to different sur-
face treatments can be attributed to variations in
the molecular alignment of polymer chains during
the initiation and propagation of necking, which
occurs during plastic deformation.?® Surface rough-
ness may introduce initial imperfections, potentially
resulting in a more pronounced scatter of failure
strain values. Additionally, environmental factors
such as humidity, which could induce slight changes
in membrane thickness®® and temperature, may
influence the observed differences in «.

As expected, and shown in Fig. 4, the stress—
strain curves, along with the slopes in the elastic
and plastic deformation regimes, i.e., Young’s mod-
ulus and x, depend on the displacement rate.

Young’s modulus exhibited a slight increase with
higher displacement rates, as depicted in Fig. 4b.
The yield strength, representing the stress at the
yield point, increased with increasing displacement
rate from 12 MPa for 5 mm/min to 16 MPa for 500
mm/min. However, due to the notable variability in
failure strain (ranging from 240% and 340%) and
failure stress (ranging from 29 MPa and 36 MPa),
these parameters could not be correlated with the
displacement rate. Despite this variability, the
behavior in the plastic deformation regime, beyond
the yield point, was very consistent for the tests
conducted at different displacement rates. This
consistent behavior was reflected in the similarity

0.8
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0.6 [ Fischerscope 15/100/15

Fischerscope 15/10/60
Tensile

E [GPa]
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Fig. 6. Comparison of Young’s modulus for untreated Nafion117
determined by different methods and instruments. The nanoinden-
tation experiments used a maximum load of 15 mN, a loading time of
100 s , and a holding time of 15 s (strain rate: 0.005 s~ ") for the
Ngan-correction and 15 mN, loading time of 10 s ,and a holding time
of 60 s (strain rate: 0.05 s~ ') for the Mokhtari-correction. The values
determined by the Oliver—Pharr method'” were evaluated for both
test conditions and the test conditions are shown in the legend as
maximum load/loading time/holding time. The values determined by
tensile testing are average values of tests conducted at the dis-
placement rates of 5 mm/min, 50 mm/min, and 500 mm/min. Error
bars correspond to the standard deviation of the mean value (of at
least 5 measurements) (Color figure online).

force [mN]

depth [um]

(a)

2
depth [um]

Oliver-Phart
0.3 ,/hé
— .-".F'
© Inflection point |
& = Etensile »*
.02
w
012 ‘
4 6 4.5 5.0 55 6.0
depth [um]

()

Fig. 5. Analysis of the load—displacement curve for untreated Nafion117, with a maximum load of 15 mN, a loading time of 10 s, and holding time
of 60 s: (a) evaluation according to the Oliver—Pharr method'” with the stiffness in red, evaluated at one point during unloading; (b) stiffness
evaluated at different time increments during unloading according to the Mokhtari-correction;'* (c) Young’s modulus as a function of depth
evaluated along the unloading curve according to the Mokhtari-correction in (b), showing an inflection point (Color figure online).
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Fig. 7. Nanoindentation force—displacement curves and mechanical properties of Nafion117 at different RH: (a) comparison of control and wet
sample using the Nano XP indenter in ambient conditions; maximum load was 15 mN, loading time 10 s, holding time 60 s (strain rate: 0.05 s~ ");
(b) comparison of a control sample using the Hysitron indenter at different RH: maximal displacement of 3 um with 10 s loading time and 60 s
holding time (strain rate: 0.1 s~"). Error bars the standard deviation of the average value using a minimum of 9 measurements. Young’s modulus

and hardness were evaluated using the Oliver—Pharr method.'”

of the slope k in the plastic regime. Overall, the
influence of displacement rate on the elastic and
plastic slopes was found to be moderate, as also
observed by Lu et al.?!

Nanoindentation

Figure 5 illustrates the nanoindentation analysis
performed on Nafion117 using both the Oliver—
Pharr method!” and the Mokhtari-correction.
Unlike the Oliver—Pharr method,!” which assesses
stiffness at a single point during unloading
(Fig. 5a), the Mokhtari-correction involves evaluat-
ing the stiffness at each time increment along the
unloading curve (Fig. 5b), yielding a depth-depen-
dent function of Young’s modulus during unloading
(Fig. 5¢). An inflection point was identified at P =
40%Pyax in Fig. 5¢, which is consistent with the
value determined by tensile testing.

The Mokhtari-correction is based on the observa-
tion of stiffness reduction during the unloading of a
viscoelastic polymer. This reduction is most promi-
nent at the beginning of the unloading curve,
leading to higher values of E, as depicted in Fig. 5c.
Mokhtari et al.'* observed a distinct nonlinear
decrease in Young’s modulus during their
polypropylene (PP) measurements, while Nafion117
exhibited different behavior. The inflection point in
Young’s modulus, where E values decrease in
Fig. 5¢c, corresponds to the moment when the inden-
ter initiates detachment from the material
surface.'*

Figure 6 summarizes the Young’s modulus values
determined by the different methods and instru-
ments for the untreated Nafion117 membrane. The

comparison includes the elastic modulus deter-
mined by tensile testing (in green) and nanoinden-
tation with two instruments (in orange and blue)
using the Oliver—Pharr method, the Mokhtari-cor-
rection, and the Ngan-correction.

The Oliver—Pharr analysis'? resulted in Young’s
modulus values that exceeded the values obtained
from tensile tests by a factor of up to 2.5, as also
observed in Refs. 14 and 32.

The Ngan-correction® yielded a reduction in the
elastic modulus compared to the Oliver—Pharr
method.'” This correction relies on exploiting sim-
ilarities between elasticity and linear viscoelasticity
theory.'® Linear viscoelasticity is a first-order
approximation to polymer deformation, and as a
linear approximation limited to elastomer-like
materials, and is less suited for small-strain ther-
moplastic behavior. It is worth noting that linear
viscoelasticity fails to capture plastic or viscoplastic
deformation in glassy polymers when strains
approach or exceed the yield strain.?® Additionally,
accurately determining the transition between elas-
tic and plastic deformation during loading in
nanoindentation, especially with sharp tips (such
as the Berkovich and Vickers tips used in this
study), poses challenges. It has been argued that the
entire deformation should not be assumed as linear
viscoelasticity due to the plastic strain contributions
at high loads during indentation.®* Given the
difficulty in distinguishing between elastic and
viscoplastic deformation with sharp tips, using
spherical and flat-ended tips with advanced
dynamic methods is advantageous for determining
the limit of linear viscoelasticity.
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In addition, the Mokhtari-correction* gave mod-
ulus values closer to those obtained from the tensile
tests. The correction is particularly appropriate for
the Nano XP indenter which has a higher resolution
in displacement and force measurement compared
to the Fischerscope indenter. The Mokhtari-correc-
tion overestimated the modulus determined by the
Fischerscope compared to the modulus obtained by
the tensile test.

Since the Mokhtari-correction evaluated the stiff-
ness at a lower force in the unloading curve, which
reduced the number of available data points for the
power law fit (Eq. 4) compared to the Oliver—Pharr
method, the statistical error increased due to the
reduced number of data points when using this
method. Furthermore, the Mokhtari-correction was
designed for polymers such as PP, which typically
has an elastic modulus up to 6-7 times higher than
that of the Nafion117 membrane.?® Consequently,
the inflection point (Fig. 5¢) is more difficult to
identify for the compliant Nafion117 than for the
stiff PP, as the signal-to-noise ratio is lower for
Nafion117.

The modulus values obtained using the Fischer-
scope are consistently higher than those obtained
using the Nano XP indenter. This difference can be
attributed to several factors, such as variations in
humidity during measurements, differences in tip
geometries, or differences in surface detection. The
Fischerscope experiments were conducted in a
protective Ar environment with negligible RH
(~ 0.1%), while the Nano XP measurements were
conducted under ambient conditions. The difference
in RH might have contributed significantly to the
differences in modulus values obtained using the
two instruments. The observed differences could
also be related to the difference in tip geometries.
The Nano XP was equipped with a Berkovich tip, a
three-sided pyramid, while the Fischerscope used a
Vickers tip, a four-sided pyramid. Additionally,
accurate surface detection is a challenge in polymer
nanoindentation, which we addressed by correcting
the surface determined using the Nano XP indenter.
Unfortunately, this correction is not possible with
the Fischerscope since the data before contact are
typically not saved.

To investigate the effect of moisture on the
mechanical properties, the Nafion117 membrane
was indented at different humidity levels. Figure 7a
shows the load—-displacement curves as well as the
Young’s modulus and hardness values for the
control and wet samples determined at ambient
conditions with the Nano XP indenter. A slight
decrease in the mechanical properties is observed in
the wet sample compared to the control sample.
This change in properties is more significant for
hardness than for modulus.

Figure 7b shows the load—displacement curves as
well as the Young’s modulus and hardness values
for the Nafion117 sample determined with the
Hysitron indenter at different RH, i.e., at ambient

RH ~ 30% and at elevated RH ~ 90%. A significant
decrease in the mechanical properties is observed at
elevated RH compared to the mechanical properties
at ambient RH, showing a twofold decrease in
Young’s modulus and hardness with increasing RH.

The difference between the results obtained by
the two instruments can be attributed to Schroe-
der’s Paradox,>® which describes the difference in
solvent uptake by a polymer exposed to saturated
vapor versus a pure liquid. In addition, there are
differences in the swelling mechanisms observed at
different humidity levels. At low relative humidity,
only a small amount of water is adsorbed, corre-
sponding to the solvation of protons and sulfonate
ions. The water in the polymer in this swelling
mechanism interacts with the ionic components
within the ionomer, helping to overcome the strong
tendency of the polymer to exclude water due to its
hydrophobic nature and swelling resistance. At
RHs > 70%, a greater water uptake occurs, and
the absorbed water molecules fill the micro-chan-
nels of the ionomer resulting in membrane
swelling.?°

Water generally acts as a plasticizer and reduces
the mechanical properties of Nafion117,%2 which is
consistent with the results presented in this paper.
In addition, excessive water loading has been
reported to cause mechanical instability in other
membranes, such as anion exchange membranes.?”
Since humidity has an influence on the reported
mechanical properties, it is important to control/
record the humidity. Otherwise, different humidity
levels during membrane storage and during testing
could lead to large variations.

CONCLUSION

Based on tensile and nanoindentation experi-
ments of Nafion membranes with different surface
treatments, the following conclusions are drawn:

e Young’s modulus of Nafionl1l7 was calculated
from tensile tests to be 0.2 GPa. The modulus
value was not affected by surface treatment or
displacement rate.

e The Oliver—Pharr method'” overestimated
Young’s modulus compared to the modulus
determined by tensile testing and a correction
should be applied.

e The Mokhtari-correction'* reduced the nanoin-
dentation modulus to a value comparable to the
tensile test modulus, but with reduced statistical
confidence compared to the Oliver—Pharr meth-
0d'” for compliant Nafion117.

e The Ngan-correction®® accounted for the viscous
behavior and reduced the modulus compared to
the modulus obtained by the Oliver—Pharr
method.'”

e Humidity greatly influences the mechanical
properties of the membrane, resulting in a
decrease in both Young’s modulus and hardness.
To ensure accurate testing, it is imperative to
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store and test membranes under controlled
conditions or to record the relative humidity
(RH) at each step.
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