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ABSTRACT

Nano-indentation is an interesting tool for analyzing nano-scale mechanical properties. The
analysis of nano-mechanical properties as a function of experimental conditions is very critical for
designing engineering components. In this study, nano-indentation experiments were performed
by considering different values of amplitude (1, 5, 10 nm), frequency (11.2, 22.5, 45 Hz), strain rate
(0.02, 0.05, 0.1, 0.2, 15 "), peak load (10, 30, 100 mN) and hold time (1, 3, 5, 10, 20, 50, 100 sec) to
analyze their effect on the mechanical properties of LDPE. The results showed that the effect of
amplitude and frequency on the nano-mechanical properties of LDPE were negligible. Load-dis-
placement curves displayed a shift towards higher indentation depths along with a decrease in
peak load from 20.6 to 148 mN by having a decrease in strain rate from 1 to 0.02s . Elastic
modulus and hardness values exhibited a decrease with an increase in hold time. Logarithmic
creep model was used to fit the experimental data of creep as a function of holding time which
showed good agreement (r* > 0.97) with the experimental values. Recommended holding times
are also suggested to eliminate the creep and nose problem in order to achieve high accuracy in
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measurements.

1. Introduction

Polyethylene is a thermoplastic polymer which consists of
amorphous areas in between the crystalline regions due to
this reason, it is called semi-crystalline polymer. Low density
polyethylene (LDPE) provides good performance as com-
pared to other polymers, glass, or metal. Generally, the
exceptional properties of LDPE are easy processing, better
electrical, chemical, abrasion and impact resistance, and
higher toughness. The mechanical properties of LDPE are
strongly influenced by temperature, applied stress, and the
speed of test.'! LDPE is an excellent electrical insulator
and the typical electrical application is insulating material
for cables and wires.!*! Thin films of LDPE have wide range
of applications as a packaging material mainly due to its
exceptional barrier properties, mechanical properties, low
cost, and energy efficiency.'”!

Nano-indentation or depth sensing indentation is a
unique tool for characterizing nano-mechanical properties of
different materials like metals, polymers, and biological tis-
sues. It is a nondestructive experimental technique which
allows several tests to be performed on the same sample
without the requirement of optical imaging as used in

conventional indentation experiments.!®) Penetration dis-

placement and indentation load are the two main parame-
ters which can be measured using nano-indenter. Hardness
and Young’s modulus can be estimated from the numerical
analysis of the obtained load-displacement curve.”) Such
analysis is very easy for elastic-plastic material but for mate-
rials having time-dependent behavior, this technique
becomes delicate as models for mechanical characterization
of such materials are not well developed.”®! The load is
applied on the sample through the indenter for a particular
period of time and the resultant indentation size is meas-
ured as in a conventional normal indentation test. The con-
tact compliance method has been recently used for hardness
and modulus computation; this method is based on the
imposed displacement/reaction force response.”*!!!

A thorough understanding of the nano-mechanical proper-
ties of LDPE is required for the successful design of its engin-
eering components. Several researchers have reported the use
of nano-indentation technique to analyze the mechanical prop-
erties of different materials. The mechanical behavior of multi-
functional ZnO/PMMA based nanocomposites was analyzed
by using nano-indentation tests.'?) In nano-indentation
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technique, experimental variables always have a substantial
effect on the resulting parameters and the accuracy of such
parameters in turns affects the credibility of subsequent
numerical analysis of the resultant data. Therefore, a complete
understanding of the effect of different experimental variables
on the resulting parameters for nano-indentation of LDPE is
required. Moreover, in mechanical characterization through
nano-indentation, some metals, polymers and biological mate-
rials show creeping effect due to the viscous flow of molecular
chains. This effect can be seen from loading-unloading curve
intersection point which becomes round shape (a nose)
together with a slight increase in material indentation depth
along with a decrease in applied load.""* Because of this time-
dependent behavior, estimated mechanical properties have
inherent errors. Oliver-Pharr method,"* used to evaluate
hardness and elastic modulus via nano-indentation technique,
becomes invalid as two assumptions (i.e. elastic recovery occur
at incipient unloading and application of power law to unload-
ing curve) are no more applicable. To eliminate creeping effect
or nose problem, a typical procedure used is to hold indenter
at peak load for a suitable time long enough for the material to
attain mechanical equilibrium before unloading.!'®’ Hence, a
deep understanding of the accurate value of holding time and
also the effect of different holding times on the final properties
of LDPE is required to ensure the elimination of creep problem
and to obtain the true mechanical properties of the material.
Several studies have been reported to analyze the effect of
different loading conditions on nano-indentation measure-
ments. Golovin et al.'® studied the effect of oscillation
amplitude on the mechanical properties of fused silica, gal-
lium arsenide, molybdenum, tungsten, and aluminum using
nano-indentation technique. Jia et al.l'”! reported the effect
of strain rate on the nano-mechanical properties of different
materials like fused silica, single crystal silicon and duplex
stainless steel by using both normal indentation and con-
tinuous  stiffness mode indentation. Voyiadjis and
Malekmotiei’® also studied the effect of strain rate on the
mechanical properties of poly (methyl methacrylate) and
polycarbonate using nano-indenter in continuous stiffness
mode. ML Oyen!"! reported the effect of ramp time and
load level on the modulus values of the material having a
time-dependent deformation. YC Lin'”! investigated the
effect of different holding times on the nano-mechanical
properties of ductile and brittle materials. Zhang et al.!®
studied the effect of holding time in nano-indentation tests
on zirconia dental ceramic. Chudoba et al.*®! worked on
different substrates (steel, nickel, glass) and film combina-
tions (diamond-like carbon, Al,O;, aluminum, gold) to
study creep effects on modulus and hardness. Ngan and
Tang® worked on polypropylene to evaluate creep
response in correspondence with applied load.
Nano-indentation measurements of a polymer are highly
dependent on the loading conditions. Moreover, the reliabil-
ity of the data analysis is greatly affected by the precision of
the measurements. Therefore, better understanding of the
effect of experimental conditions on the nano-indentation
behavior of LDPE is required. Furthermore, the knowledge
of creep behavior of LDPE is important to prevent creep

deformation and rupture because LDPE is known to display
larger creep behavior as compared to the another polymer
of its class, i.e., HDPE due to lower crystallinity.*? To date,
the analysis of the effect of experimental conditions on the
nano-mechanical properties of LDPE and also the creep
behavior of LDPE during nano-indentation test has not
been investigated in detail. Hence, in this article, a detailed
nano-indentation analysis was performed to study the effect
of amplitude, frequency, strain rate, peak load and holding
time on the mechanical properties (hardness & elastic
modulus) of LDPE under different loading conditions.

2. Experimental

Polyethylene was taken from the Goodfellow, UK as com-
mercially available grade with catalog # ME303013. Polymer
samples were used for experimentation without any surface
treatment. For the evaluation of average peak surface rough-
ness, the optical profilometer was used. Nano-indentation
experiments were performed using an MTS Nano-Indenter
IIs, (NANO INDENTER® IIs machine, supplied by Nano
Instruments Ltd., Tennessee, USA) by adopting both normal
indentation mode as well as continuous stiffness mode of
indentation.

The machine uses a contact compliance indentation
mode for analyzing surface mechanical properties of materi-
als. Thus, the material hardness and the elastic modulus can
be calculated without estimating the area of indentation. A
trigonal diamond pyramid tip, also known as a Berkovich
Indenter, was mounted to the bottom of the indenter col-
umn. The Berkovich tip makes an angle of 65.3° with the
normal to the base of indenter."*! The normal force on the
indenter was generated with the help of a magnetic field
containing an electromagnetic aluminum coil placed on the
top of inner indenter tube. To determine the effects of
experimental conditions on the nano-mechanical properties
of LDPE, following test procedures were used:

Experiment # 01: To determine the effect of amplitude
variation, constant strain rate of 0.05s™', constant harmonic
frequency of 45Hz and varying amplitudes of 1, 5, 10nm
were selected in continuous stiffness mode.

Experiment # 02: To determine the effect of harmonic
frequency variation, constant amplitude of 2nm, constant
strain rate of 0.05s ' and changing frequencies of 11.2,
22.5, 45Hz in continuous stiffness mode were considered.

Experiment # 03: To evaluate the effect of strain rate
variation, constant frequency of 45Hz, constant amplitude
of 2nm and varying strain rates of 0.02, 0.05, 0.1, 0.2, 1s!
in continuous stiffness mode were selected.

Experiment # 04: To evaluate the effect of holding time vari-
ation, three different peak loads (10, 30, 100 mN), constant
loading time of 10 sec and varying holding times of 1, 3, 5, 10,
20, 50, 100 sec were considered in normal indentation mode.

For all experimental conditions, a final hold segment
after 80% unloading was applied to account for the thermal
drift during all the indentation experiments. On each condi-
tion, six different experiments were performed to get a bet-
ter profile of the results. Hardness and elastic modulus were
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Figure 1. Indentation load as a function of displacement for different ampli-

tudes (1, 5, 10 nm).
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Figure 2. Hardness as a function of displacement for different amplitudes
(1,5, 10 nm).

estimated for LDPE to evaluate the effect of experimental
conditions on the aforementioned properties.

3. Results & discussion

3.1. Effect of amplitude and frequency on nano-
indentation response

Figure 1 displayed the load-displacement curves of LDPE for
various amplitudes of 1, 5 and 10nm. It can be easily seen
from the graph that the loading behavior remains more or
less same with minor differences in peak load for various
amplitudes. Similarly, Figures 2 and 3 presented the hard-
ness and modulus as a function of displacement for different
amplitudes. Remarkable fluctuations were observed for hard-
ness values at very low values of penetration displacement.
These uncertainties were thought to be because of defects in
the geometry of tip, errors in the determination of surface
or effects of indentation size.'>**! At very low penetration
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Figure 3. Modulus as a function of displacement for different amplitudes (1,
5,10 nm).
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Figure 4. Indentation Load as a function of displacement for different frequen-
cies (11.2, 22.5, 45 Hz).

depths, a harder and more changing behavior was observed.
This can be attributed to the confined changes in the phys-
ical properties of the material under the influence of harsh
environment sometimes before the experimentation or dur-
ing the fabrication process of polymers. These modifications
near to the surface may have occurred due to the localized
oxidation of polymeric surface or due to the segregation of
modifiers or other impurities near to the surface.

It can be seen that after the indentation depth of
2000 nm, the value of hardness for all the amplitudes
remains more or less constant (=~ 0.023 GPa) which is simi-
lar to the already reported value (0.022 GPa) for this particu-
lar polymer.”*! The modulus values also displayed an
independent behavior as a function of amplitude for higher
values of indentation depths with more or less constant
value of ~ 0.5GPa which is of same order of magnitude as
already reported in the literature.**! The similar results
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were also reported for the effect of oscillation amplitude on
the nano-mechanical properties of fused silica, gallium
arsenide, molybdenum, tungsten, and aluminum.!"®’ Similar
behaviors were also observed for the nano-mechanical prop-
erties of LDPE as a function of frequency as depicted in
Figures 4-6.

3.2. Effect of strain rate on nano-indentation response

Figure 7 presented the load-displacement curves of LDPE
for various strain rates of 0.02, 0.05, 0.1, 0.2, and 1s™". Tt
can be easily seen from the graph that, the curves shifted
towards the higher indentation depths together with a
decrease in peak load from 20.6 to 14.8 mN by having a
reduction in strain rate from 1 to 0.02s~'. Therefore, it can
be concluded that the polymer exhibits a softer response at
the lower strain rates. This result is in accordance with the
already reported nano-indentation response of the asphalt-
filler mixture.!*” Figure 8 showed the dependency of creep
displacement on the strain rate in the load-hold stage. An
increase in the creep displacement was evident as a function
of increasing strain rate which is in agreement with the
already reported results for neat polyamide.?®! This behav-
ior suggested that the higher strain rate during loading stage
leads to the greater creep susceptibility of the materials. The
polymer has shown a strain rate sensitivity which can be
more clearly observed from the Figures 9 and 10 in terms of
hardness and modulus.

Figures 9 and 10 showed the behavior of hardness and
modulus as a function of displacement for various strain
rates. Both modulus and hardness exhibited large values at
very small indentation depths as already discussed. A
decrease in hardness values from 0.46 to 0.09GPa and a
decrease in modulus values from 1.4 to 1GPa were
observed with the decrease in strain rate from 1 to
0.02s~ ' at larger indentation depths. These results are in
accordance with the nano-mechanical behavior of fused sil-
ica, Si, and duplex stainless steel, already reported in
literature.!"”!

It is clearly evident from the Figures 2, 5, and 9 that the
hardness of the polymer displayed an increase with the
decreasing indentation displacement which is similar to the
already reported results for the polymeric materials.!?”**
This behavior confirmed the existence of indentation size
effect in the investigated polymeric material. In case of met-
als, this phenomenon is usually associated with the geomet-
rically necessary dislocation densities, strain gradient
plasticity, and dislocation starved plasticity. However, these
reasons are not enough to explain the indentation size effect
in polymers because the elastic strain and elastic deform-
ation energy is quite significant in polymers as compared to
the inelastic deformation energy. Therefore, the indentation
size effect in polymers may be related to the elastic deform-
ation or Frank elasticity comes from bending distortions of
polymeric chains and not to the plastic deformation which
commonly used to justify the size effects in metals.!*”’
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Figure 5. Hardness as a function of displacement for different frequencies
(11.2, 22.5, 45 Hz).
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Figure 6. Modulus as a function of displacement for different frequencies (11.2,
22.5, 45 Hz).

3.3. Investigation of creep behavior

Oliver-Pharr method is used to calculate the values of elastic
modulus and hardness by assuming purely elastic behavior
in normal mode of indentation. Polymeric and biological
materials display time-dependent behavior (creep), therefore,
to apply Oliver-Pharr method, creep has been reduced to a
minimum level by considering different holding times at
peak load. In order to analyze the creep behavior, several
peak load holding times (1, 3, 5, 10, 20, 50, 100sec) were
considered on three constant peak loads (10, 30, 100 mN)
with constant loading and unloading time of 10sec in nor-
mal nano-indentation mode and the results are displayed in
Figures 11-13 in the form of load-displacement curves. It
can be clearly seen from the Figures that creep displacement
showed an increase with the increase in holding time. It can
also be observed that maximum indentation, in the case of
10, 30 and 100 mN, increased from approximately 4177 nm
to 5282nm (A 1105nm), 7169 nm to 9511 nm (A 2342 nm)
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and 14110nm to 17654nm (A 3544nm) respectively, as
holding time varied from 1 sec to 100 sec. Figures 11-13 also
presented that all the loading curves follow more or less the
same pattern whereas the unloading curves observed to start
at higher values of indentation displacements for longer
holding times.

Figure 14 displayed the creep depth behavior as a func-
tion of holding time for different indentation peak loads
(10, 30, 100mN) applied. It is clear from the Figure 14
that, as holding time increased from 1sec to 100 sec, creep
depth showed an increase from approximately 118 nm to
1293nm (A 1175nm), 197 nm to 2285nm (A 2088 nm)
and 372nm to 4591 nm (A 3847 nm) for the peak loads of
10, 30 and 100 mN respectively. It can also be seen from
the graph that, with increasing load of indentation for
the same holding time, creep depth was higher for a
higher load.

Logarithmic creep mode was suggested by Chudoba
et al.*”) to analyze the creep behavior of different materials
like diamond-like carbon, glasses, ceramics, etc. Following

1[30,31]

Load (mN)
=
1

T

T

1
0 1000 2000 3000 4000 5000 6000 7000
Displacement (nm)

Figure 7. Indentation load as a function of displacement for different strain
rates (0.02, 0.05,0.1,02, 1s7").
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Figure 8. Creep displacement as a function of strain rate at a constant fre-
quency of 45Hz and an amplitude of 2 nm.

form of the logarithmic creep model was used to fit the
experimental creep data of the investigated material (LDPE):

Ah=A -In(B-t+1) [1]

where t represented holding time, Ah showed depth change
at maximum load and A, B are the fitting parameters. Creep
data of LDPE was treated by means of the fitting algorithms
of Table Curve 2D software, based on the Least Squares
Method. Values of model parameters (A & B) for LDPE are
listed in the Table 1. Logarithmic creep model fitting on
the experimental data of LDPE is presented in Figure 14
which shows a good agreement with the experimental data
(® > 0.97).

3.4. Effect of holding time on modulus and hardness

Figures 15 and 16 presented the hardness and elastic modu-
lus as a function of holding time. The values of modulus
and hardness, evaluated using normal nano-indentation

1000000
= s
100000 0.2/s
0.1/s
0.05/s
i + 0.02s

Hardness (MPa)

0 1000 2000 3000 4000 5000 6000 7000
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Figure 9. Hardness as a function of displacement for different strain rates (0.02,
0.05,0.1,02,1s7").
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Figure 10. Modulus as a function of displacement for different strain rates
(0.02,0.05,0.1,0.2, 157 ").
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mode, were observed to be strongly dependent on holding
time and displayed a decreasing trend with increasing hold-
ing time. It is evident from Figure 15 that hardness
decreased from 0.030GPa to 0.018 GPa, 0.041GPa to
0.016 GPa and 0.027 GPa to 0.019 GPa for the applied peak
loads of 10, 30, 100mN respectively, with varying holding
time from 1sec to 100sec whereas Figure 16 displayed that
modulus decreased from 0.668 GPa to 0.545GPa for the
peak load of 10mN, 0.778 GPa to 0.526 GPa in the case of
30mN applied load and 0.648 GPa to 0.547 GPa for 100 mN
applied peak load, with varying hold time from 1sec to
100 sec for all the cases. These results are in accordance with
the literature which also showed a decrease in modulus and
hardness with increasing holding time."**!

This behavior was observed because of creep deform-
ation resulted from imbalance between stress and
strain and due to the motion of molecular chains under

194 = 1sec
3 sec
i 5 sec
T 10 sec
+ 20 sec
.
Z 6. 50 sec
= 100 sec
o
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Figure 11. Indentation load as a function of displacement by having peak load
of 10 mN for different holding times (1, 3, 5, 10, 20, 50, 100 sec).
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Figure 12. Indentation load as a function of displacement by having peak load
of 30 mN for different holding times (1, 3, 5, 10, 20, 50, 100 sec).

stress.!**) The creep effect is usually exhausted during lon-
ger holding times, resulted in a smaller recovery of elastic
modulus. Therefore, smaller values of elastic modulus
were observed with prolonged holding times as indicated
by Figure 16. In addition, increasing creep depth leads to
higher contact area which results in smaller hard-
ness values.

In Figures 15 and 16, hardness and modulus displayed
higher values and more dependency on holding time for
lower applied loads. This result is in accordance with the
already reported behavior for the nano-indentation analysis
of PMMA!"®! which was attributed to the additional creep-
ing penetration at the higher contact loads, before any creep
relaxation occurs. Furthermore, the polymers are known to
exhibit a surface hardening response, therefore, lower hard-
ness values were observed at higher peak loads with increas-
ing penetration depths.
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Figure 13. Indentation load as a function of displacement by having peak load
of 100 mN for different holding times (1, 3, 5, 10, 20, 50, 100 sec).
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Figure 14. Creep displacement as a function of holding time for different peak
loads (10, 30, 100 mN). The solid line represents model fitting.
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Table 1. Values of fitting parameters for Eq. [1].

Table 2. Recommended holding times for LDPE with different peak loads.

2

Sr. # Load (mN) Parameter A (nm) Parameter B (sec”') r Sr. # Load (mN) Recommended Holding Time (sec)
1 10 443 0.16 099 1 10 655.0
2 30 827 0.13 098 2 30 693.0
3 100 1830 0.10 097 3 100 804.5
50 180 ]
| : { = 10 mN Load
.5 = 10 mN Load wod" . 30 mN Load
* 30 mN Load 1 + 100 mN Load
1z 4+ 100 mN Load 140 -
404 L J ]
14 o 120
T 35 £ ]
% £ 100
1 [ )
,‘2 30 il}_ ‘é 80 -
E il S ol
T 25 as @ 604" . |
g | 2 ; o 1
T AL : T 40 <
20 4 |
. +
4 : 20 <
15 4 1
0
7 T T T T rrrrr| T T T rrrrre| T T T rrrrl
10, . | . | . : . : . : 1 10 100
0 20 40 60 80 100

Holding time (sec)

Figure 15. Hardness as a function of holding time for different peak loads (10,
30, 100 mN). Bars represent standard deviation.
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Figure 16. Modulus as a function of holding time for different peak loads (10,
30, 100 mN). Bars represent standard deviation.

3.5. Recommended holding time

The recommended holding time was estimated by using an
arbitrary criterion suggested by Chudoba et al.*®! given as
follows: “The holding period at maximum load has to be long
enough such that the creep rate has decayed to a value where
the depth increase in 1 min is less than 1% of the indentation
depth”. The first derivative of logarithmic creep calculated
from equation [1] was used to calculate the recommended
holding times for different applied loads (Table 2). An
extrapolation was performed in a case when the

Holding time (sec)

Figure 17. Creep rate as a function of holding time for different peak loads
(10, 30, 100 mN).

recommended holding time was longer than the experimen-
tal holding time.

The creep rate, calculated from equation [1], was plotted
as a function of holding time as presented in Figure 17. It
can be easily seen from the graph that, the values of creep
rate for the holding time of 1sec was a bit higher, whereas
for the holding time of two orders of magnitude the creep
rate is decreased to very small values, which ensured the
elimination of nose problem and also verified the values of
recommended holding times as discussed above.

4, Conclusion

The effect of experimental conditions on the mechanical
properties was studied by adopting both normal mode and
continuous stiffness mode of nano-indentation for LDPE.
Different values of amplitude (1, 5, 10 nm), frequency (11.2,
22.5, 45 Hz), strain rate (0.02, 0.05, 0.1, 0.2, 1s7%), peak load
(10, 30, 100mN) and holding time (1, 3, 5, 10, 20, 50,
100 sec) were considered to analyze their effect on the mech-
anical properties of LDPE. The results showed that the effect
of amplitude and frequency on the nano-mechanical proper-
ties of LDPE was negligible. Load-displacement curves dis-
played a shift towards the higher indentation depths along
with a decrease in peak load from 20.6 to 14.8 mN by hav-
ing a decrease in strain rate from 1 to 0.02s '. A decrease
in hardness and modulus values, with the decrease in strain
rate at larger indentation depths, was also observed. The
experimental data also showed that elastic modulus and
hardness both depends on holding time variation. Elastic
modulus and hardness decreased as holding time increased.
For larger holding times, the creep effects were usually
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exhausted which results in smaller recovery of elastic modu-
lus. Increase in displacement due to creep gives higher con-
tact area which results in lower hardness values as holding
time increased. Also, the creep depth at same holding time
increased with increase in peak load. Logarithmic creep
model was used to fit the experimental data of creep as a
function of holding time which showed good agreement
with the experimental values (r* > 0.97). Recommended
holding times was also suggested for different loads by using
an arbitrary criterion suggested in literature to eliminate the
creep and nose problem. Furthermore, applicability of loga-
rithmic creep model on the results of nano-indentation of
different polymeric systems can be further investigated to
incorporate more parameters into the model related to the
characteristics of considered systems.
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