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The goal of this paper is to study the creep behaviour of multi-walls carbon nanotubes (1, 3, 5 wt.% MWCNTs)
filled polypropylene (PP) through the instrumented indentation technique. Tiwo types of the 3-step indentation
test were considered to analyse viscoelastic behaviour through sharp indentation at room temperature.
Under the loading conditions, the PPIMWCNTs samples present a time-independent plastic behaviour which
must be considered not to under/overestimate the viscoelastic properties. The ratio of residual indentation
depth to the maximum indentation depth at peak load calculated from the initial portion of the unloading
curve was over 0.7 and demonstrated the plastic character of tested materials. The indentation hardness
and modulus calculated from the slope at the unloading curve were changed due to the presence of plastic
deformation from the loading phase, to the load intensity and hold time. The local distribution of carbon
nanotubes lead to the variation in creep response and also, in the mechanical properties of material. Calculating
the creep rate, a better creep response was offered by the higher concentration of carbon nanotubes during
the indentation test at peak load of 1 N. A 3-step standard indentation test (Oliver and Pharr method) was
considered to avoid the influence of the duration from the holding phase on the mechanical parameters. We
found that a holding phase of 40 seconds was enough to have a negligible influence of creep on the indentation

modulus for 5 wt.% of MWCNTs sample.
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The Instrumented Indentation Technique (IIT) is a
standard method used to accurately measure the local
mechanical properties (mdentatlon hardness, H
indentation modulus, £, ) of engineering materials. Due {o
the local character of the analysis, the indentation testing
is suited to the analysis of polymers, whose properties can
vary substantially from point to point. This variation could
be due to the variation in local composition, microstructure
and time-dependent behaviour. Indentation is a non-
destructive technique used to study the polymeric
composite materials at reduced scale (micro or nano)
contact testing. The indentation method was
simultaneously developed with the standard analytic
technique for mechanical property deconvolution (the
Oliver and Pharr method [1]). The Oliver and Pharr method
takes into account the elastic recovery and the changing
in contact area during the unloading segment of the
indentation curve. The Oliver and Pharr analysis applied to
polymers is time-independent assuming that the unloading
response is purely elastic while the mechanical behaviour
of polymers is time-dependent [2-6]. Thus, the indentation
test must be performed under hold time to reduce the time-
dependence effect during the unloading phase and to
extract the mechanical properties of the polymeric
materials. The holding phase at fixed peak load allows the
material to deform sufficiently for the indentation creep
test and to be insignificant during the unloading phase.
This paper studied the creep influence on the mechanical
features extracted from the indentation curves.

The increasing interest in the applications of indentation
methods in the field of polymers led to evaluate the
indentation creep response with the viscoelastic or plastic
regime which corresponds to thermoplastics. In order to
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measure the indentation hardness and modulus of
polymeric materials by the IIT method, the indentation test
should be performed under hold time at peak load. Most of
the polymers exhibit creeps when subject to a constant
load in long-term creep. Thus, the creep behaviour must
be studied before extracting and evaluating the mechanical
properties of polymeric materials. The creep process can
be characterized as the result of a solid material that is
slowly and permanently deformed under the influence of
the constant load. As a function of time and temperature,
the creep measurement provides important information
about the materials with applications on long-term
durability and reliability [7].

Thermoplastic polymer nanocomposites filled with the
carbon nanotubes with multifunctional properties for
science and engineering application were still intensively
studied. Polymers are the versatile materials with unique
properties like low density, reasonable strength, flexibility
etc. Blending of polymer materials with different kinds of
fillers have been used to improve the strength and stiffness.
From all type of nanofillers the carbon nanotubes were the
most promising nanofillers which considerably enhanced
the mechanical, magnetic, and electrical properties of the
polymer nanocomposites [8-16]. During the last two
decades, more experimental studies established that the
carbon nanotubes are an ideal reinforcement agent which
influence the functional composite properties due to their
excellent features such as large interfacial contact area,
high aspect ratio, and low mass density [17-26].

It is known, that there is the tendency of the nanofillers
to form agglomerates due to the large surface area. Thus,
two tasks are required from the nanofillers to ensure a
good dispersion within the polymer matrix and an efficient
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incorporation to prevent re-aggregation of the filler [27]. A
real problem consists in the formation of the aggregates
during the manufacturing process. Choosing the carbon
nanotubes functionalization method, the proper polymer
matrix, the suitable synthesis method and the working
parameters (temperature, shear rate, shear force, mixing
time) are the key for the development of high performance
carbon nanotubes composites [28]. Melt mixing is the most
common commercial method used to prepare carbon
nanotubes-polymer composites such as carbon
nanotubes/polypropylene (PP) [29-31], high density carbon
nanotubes/polyethylene (PE) [32], carbon nanotubes/
polycarbonate (PC) [33-34], etc. The disadvantage of this
method is that the dispersion of carbon nanotubes in a
polymer matrix is poor as compared to that achieved by
solution mixing. In addition, the carbon nanotubes must
be lower due to the high viscosities of the composites at
higher loading of carbon nanotubes. The PP as semi-
crystalline polymer is a common polyolefin used in the
food industry and industrial engineering due to its excellent
propetrties and low cost manufacturing [35]. Researchers
have reported an improvement of Young’s modulus and
strength after the incorporation of carbon nanotubes into
the PP matrix [36]. Instead, the problem of difficult
dispersion of carbon nanotubes-filled thermoplastic
nanocomposites which could affect their viscoelasticity
needs to be established. The PP is known for low interaction
with the carbon nanotubes and dispersion of them [18,37].
Xia et al. prepared PP/MWCNTs (multi-wall carbon
nanotubes) composites with good dispersion using a novel
solid-state mechanochemical pulverizing process [38]. A
modest increase in tensile modulus, E . was observed
in a composite with 3 wt% of MWCNTs. Kpgood dispersion
method with a poor reinforcement effect could involve a
weak bonding between the MWCNTs and the matrix.

Both positive and negative effects of the fillers on the
creep resistance of polymers have been reported. For
instance, the carbon nanotubes incorporated into the
thermoplastic matrix decrease the creep deformation of
the nanocomposite [39,40]. To improve time-dependent
creep response of polymeric materials, one is still trying to
establish the mechanisms which explain the advantages
and disadvantages of the carbon nanotubes incorporated
to thermoplastic.

During this research, the behaviour of multi-walls carbon
nanotubes filled polypropylene (PP/MWCNTS) to a constant
load was described through the creep indentation
procedure. The influence of the concentration by the weight
of the carbon nanotubes on time-dependent behaviour was
investigated.

Experimental part
Materials and methods

PP filled with 1, 3 and 5 wt.% MWCNTs have been
supplied by Nanocyl (Sambreville, Belgium). According to
the supplier, the MWCNTs (type Nanocyl™ NC7000) have
the diameter of 9.5 nm, the length of 1.5 um, the carbon
purity above 90% in weight, and the metal oxide of 10%
[41]. The specimens were obtained by injection moulding;
for further details see [42].

Indentation procedure
Creep tests have been carried out by CSM Micro
indentation Combi Tester equipment (Switzerland)
equipped with a Vickers diamond tip indenter (with an
equivalent cone angle of 70.29°), at room temperature.
At least ten measurements were performed on each
sample to check the reproducibility of the data. The
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indentation locations were separated by a distance of 2
mm. A 3-step indentation test was performed on PP/
MWCNTs to evaluate the creep response as a function of
carbon nanotubes concentration and applied load. The
experiment was conducted under load-controlled
conditions providing a constant load during the holding
phase of the indentation test and no thermal drift correction
needed. The loading history of the 3-step indentation test
includes linear loading to maximum indentation loads of 1
and 2 N with a constant rate of 2 N/min, holding at the
maximum load during 300 s, and unloading with a constant
rate of 2 N/min. A standard indentation procedure at a
maximum load of 2 N with a hold time of 40 s was
considered to eliminate the time influence on the
mechanical properties. Then, the parameters extracted
from all the obtained indentation curves were compared.
The Poisson’s ratio for all samples was set at 0.4.

Data analysis

The indentation hardness is a measure of the resistance
to permanent deformation or damage. However, hardness
may be different if the methods used for the measurement
are different.

Instrumented hardness, 4, [MPa], provided by the IIT
technique is calculated from its general definition (the ratio
between the applied load and the contact area) following
the equation [1,43,44]

Pmax
H”. =T’ (1)

/4
where P [mN] is the maximum load, and A [nm?] is the
projecte(f contact area between the indenter and the
specimen at the maximum depth and load.

If the geometry of the indenter is known, the Vickers
hardness, HV [HV], can be calculated [1,43-46]

P
RV =—-, @
with A_as contact area
A =4tan’(a)h?, ®)

where o is the angle between the axis of the indenter and
one of the faces of the pyramid (o = 68° for Vickers
indenter), and h [nm] is the contact depth [47].

Finally, for a Vickers indenter [43]

HV, =0.0945-H,,, @

The reduced elastic modulus, £, [GPa], is used to
account for elastic displacements occurring in both the
indenter and the surface and combines the modulus of the
indenter and the specimen in a way given by
Giannakopoulos [1,47]

1-v? -}
1 (=) (i) "
E, E E,
where: v is the material Poisson’s ratio; £ [GPa] is the
elastic modulus for the sample; E, [GPa] and v, are the
elastic modulus and Poisson’s ratio, respectively, of the
indenter.

Since the unloading curve is related to the elastic
property of the material, the reduced modulus can be
determined from the initial part of the unloading indentation
curve [1,43-46]
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in which $ =[d—f:)h_hm is the initial slope of the unloading

curve and {3 a dimensionless factor that accounts for the
shape of the cross-section of the indenter (3 = 1.0124 for
Vickers indenter [48]).

The creep, C, [%] for the material represents the relative
change of the indentation depth measured during the
holding phase at fixed peak load [49]

)

h,—h
Cp=-2—1.100,
I (M

where: h, is the indentation depth at time ¢, of reaching P
(which is kept constant); h, is the indentation depth at
hold time ¢, of the constant P

Results and discussions

Figure 1 presents the average load-displacement curves
under a 3-segment loading history at the maximum loads
of 1 and 2 N maintained constant during a period of 300
seconds for different MWCNTs concentrations. When the
samples are subject to indentation at different loading
conditions, they exhibit a different mechanical response
in terms of the indentation curve.

During the indentation test, the sharp indenter was kept
for a pause of 300 s penetrating the material. The
maximum displacement, h ., was reached at the
maximum constant load, ljﬂax. We found that h
decreased with the increase in the carbon nanotubes
concentration. For the samples tested at 2 N, the maximum
indentation ranged between (35+32) x 10° nm in terms of
the increasing concentration. The decrease in the load
indentation (from 2 N to 1 N) led to a decrease in the
measured indentation depth (from 25.93%x10° to
25.44x10° nm) for 1 N test. This variation corresponds to
the viscoelastic behaviour of these materials. Therefore,
the residual imprint which remained after the unloading
phase contributed to a decrease in the hardness results
for all types of samples indented at 2 N to 1 N, respectively
(table 1). On the other hand, due to the plastic deformation
which occurred during the loading phase, a print area was
left in the material. Therefore, the h__parameter varies
with the maximum load and carbon nanotubes content in
the matrix leading to the variation in the true contact area.
Due to the gradual reduction of the contact area caused by
the elastic recovery, the unloading part of the P- h curve is
nonlinear.

From the initial portion of the unloading curve the
h /h, parameter was calculated. This parameter
represents the ratio of residual indentation depth, h , to the
maximum indentation depth at peak load, h_ . We
obtained the homogeneous h /h__ ratio in the range 0.79
<h /h__>0.86 under the 3-step indentation experiments
for 1,3 and 5 wt.% of MWCNTs content. For both indentation
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Fig. 1. Load-displacement curves under a 3-segment
loading history for PP/MWCNTs nanocomposites for 1 N
and 2 N with a 300 s hold period

loads, h /h__ > 0.7 demonstrated the plastic character of
the material. The experimental curves were quite similar
for all types of tested materials.

The optical microscopy technique was used to examine
the indentation imprints in order to obtain qualitative
information about the plastic properties of the material.
Due to plastic deformations some residual indentation
depth, h, remains after unloading phase. The residual
imprint of these indentations was shown in figure 2 having
a clearer outline. The indentations performed at 2 N
maximum load for 1, 3 and 5 wt.% MWCNTs were
represented in figure 2 (a, b, c). figure 2 (d, e, f) show
another set of indentations at 1 N load.

The indentation imprint left in the material for the 2 N
test was higher than that for the 1 N test. This fact is due to
the decrease in the residual indentation depth along with
the load indentation. In terms of increasing the MWCNTs
concentration for samples tested at 2 N, the permanent
residual indentation depth ranged between (28+27x10%)
nm. A decrease in the load indentation (from 2 N to 1 N)
led to a decrease in the measured permanent depth
(22+21x10°nm) for I N test. Therefore, the residual imprint
which remained after the unloading phase contributed to

Lo Lk SR M c et T Sy T j
Fig. 2. Optical micrographs of residual indentation imprint at loads
of 2 N and 1 N with hold time of 300 secs onds on PP/MWCNTSs
surface (for 1, 3 and 5 wt.% of MWCNTs) (scaled 15 um)
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Puax=2[N],t=40[s] | Pmax=2 [N],t=300 [s] | Pmax=1 [N], t =300 [s]
Parameters MWCNTs (wt.%) MWCNTs (wt.%) MWCNTS (wt.%)
1 3 5 1 3 | s 1 3 5
Hrr | average | 100.70 | 98.16 | 11925 | 87.64 | 95.38 | 96.47 | 79.97 | 73.15 | 81.24
[MPa] | Stdev. | 5.14 | 746 | 1326 | 125 | 196 | 2.98 | 2.15 | 7.06 | 2.54 Table 1
HV | average | 951 | 927 | 1126 | 827 | 9.00 | 9.04 | 7.55 | 690 | 7.67 SUMMARY OF THE MAIN
[Vickers] [ St.dev. | 049 | 0.70 | 125 | 0.12 | 0.19 | 031 | 020 | 067 | 024 MECHANICAL PARAMETERS
Err | average | 1.81 | 190 | 185 | 144 | 156 | 1.66 | 131 | 154 | 1.66 INDE%E%EDCE];S?STF%% PP/
[GPa] | St.dev. | 005 | 0.0 | 006 | 0.09 | 0.06 | 0.05 | 008 | 0.09 | 025 MWCNTs COMPOSITES IN
Er | average | 215 | 225 | 220 | 171 | 1.85 | 230 | 155 | 1.84 | 1.97 DIFFERENT LOADING HISTORIES
[GPa] | St.dev. | 006 | 012 | 007 | 0.11 | 0.08 | 029 | 009 | 0.10 | 030
Crr | average | 9.16 | 826 | 893 | 16.87 | 16.80 | 1647 | 1628 | 1623 | 15.89
[%] | Stdev. | 035 | 040 | 0.79 | 058 | 127 | 0.70 | 054 | 1.09 | 133

a decrease in the hardness results for all types of samples
indented at 2 N to 1 N, respectively (table 1).

The 3-step indentation tests were considered and two
maximum loads were selected to study the influence of
load and carbon nanotubes content on the creep behaviour
of polymer materials.

The variation in the creep-displacement as a function of
time was measured. Figure 3 displays a comparison
between the creep curves for the three PP/MWCNTs
composites tested with different indentation parameters
(P, =1land 2N, 1t 300 s). These curves were
generated by averaging ﬁve indentation curves.

As it can be seen in figure 3, the creep stage formation
for both indentation loads was indicated by the shape of
the obtained curves. The initial part of the creep phase had
asudden increase in the creep-displacement which slowly
decelerated and no steady-state was yet reached during
the holding phase of 300 s.

The creep response of the composites was influenced
by the load intensity and local distribution of the carbon
nanotubes during the test. The repeatability of the results
was high and the difference between the highest and
lowest final value at the end of the holding phase of the
creep-displacement curve was less than 1.8 [m (forP o
=1N)and 3 um (for P_ =2 N), respectively.

The higher the indentation load, the more pronounced
creep response. 1 wt.% of MWCNTs was the sample
exhibiting the highest creep followed by 3 and 5 wt.% of
MWCNTs for both applied loads. Figure 2 shows a significant
difference in the creep-displacement curves. In the case
of polymeric materials indented at P = 2 N the creep-
displacement decreased with 6.57%Tfrom 1 to 5 wt.% of
MWCNTs. When the load was reduced at half (from 2 to 1
N), a decrease in creep-displacement with 3.77% from 1
to 5 wt.% of MWCNTs was observed.
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The maximum difference between the creep-
displacement was found for 1 wt.% of MWCNTs loaded at
2 and 1 N, respectively (Ah = 25% ). For 3 and 5 wt.% of
MWCNTs the difference in the creep-displacement was
about 23%. Thus, the important plastic deformation which
occurred during the loading phase led to this increase in
the creep-displacement for samples indented at load of 2
N

These data have been transformed into displacement-
log time plotting to calculate the creep rate (the slope at
the linear portion of the creep-displacement-time curve).
The indentation at fixed peak load of 1 N induced a variation
of creep rate between 7.69+7.20 nm/s along with the
increase of the carbon nanotubes concentration. Also, the
creep rate decreased from 10.72 to 9.77 nm/s under the 3-
step indentation test at load of 2 N. The higher incorporation
of MWCNTs into the polymer matrix, the lower creep rate
could indicate the reinforcing effect of the carbon
nanotubes.

To minimize the influence of the pause time on the slope
at the unloading phase, the mechanical parameters were
extracted from the P-h curves obtained during a 3-step
indentation test with a hold period of 40 s (Oliver & Pharr
method). Then, the parameters were compared with those
calculated from the indentation curves under a 3-segment
loading history (P =2N,t _=300s).Table 1 presented
the average value and stangfard deviation of mechanical
parameters (Vickers hardness, indentation hardness,
indentation modulus, reduced modulus, and indentation
creep coefficient). Also, the parameters extracted from
the 3-step indentation test (P, = 1N,¢ =300 s) were
presented in this table. Before computmg ‘the results, the
normality assumption for the experimental data was
verified.
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Fig. 4. Indentation hardness as a function of the carbon nanotubes
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Fig. 5. Indentation modulus as a function of the carbon nanotubes
content and the indent sites of PP/MWCNTs nanocomposites under
a 3-step indentation procedure
P =2N,t =300s)
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The indentation hardness and modulus calculation was
affected by the indentation load intensity and period from
the holding phase. For the same load intensity, the average
H, and E, increased along with the carbon nanotubes
concentration. A decrease of parameters was observed
when the hold period increased from 40 to 300 s. The results
obtained showed that the effect of creep on the £, can be
neglected after only 40 s as holding phase for 5'wt.% of
MWCNTs sample. Instead, for 1 and 3 wt.% of MWCNTs
samples a hold period more than 150 s could be necessary
to minimize the influence of creep on the H,,.

When comparing the results obtained i in'two different
conditions of the hold time, the highest value of hardness
(119.25 Mpa for 5 wt.%) was recorded after 40 s at peak
load. At the same time, the C,, (8.93%) determined during
mdentatlon with a hold time Of 40 s was twice lower than

C,, (16.47 %) picked-up after 300 s of holding phase for 5
wt.% carbon nanotubes. In the case of indentation with a
holding phase of 300 s, the creep phenomenon developed.
Thus, PP/MWCNTs composites exhibit a time-dependence
behaviour which will decrease their mechanical
performance.

The uniform dispersion of MWCNTSs into the polymeric
matrix appeared from figures 4 and 5. Figure 4 showed the
indentation hardness variation as a function of the carbon
nanotubes content and the indent site. From distinctive
indent points, an increasing trend in H,. with the carbon
nanotubes content was shown.
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Due to the local character of the analysis, the results
indicate a variation in the hardness from one site to another
for each carbon nanotubes concentration. The indenter tip
could be possible to be driven into a micro-region with
poor dispersion of carbon nanotubes. An increase in the
content from 1 to 5 wt.% of the carbon nanotubes led to
the formation of tightly packed agglomerates of several
MWCNTs increasing the hardness. The continuous
agglomerates area became bigger at the higher injection
pressure [41,42]. Researchers have shown a tendency of
the carbon nanotubes agglomeration at higher content
(above 3 wt.% of MWCNTs) depending on the polymer type
matrix [18,20].

Generaly, the E,. of the samples has the tendency to
increase with the IVKNCNTS content (table 1). The variations
in the £, as a function of the carbon nanotubes content
and the indent site were shown in figure 5.

Figure 6 presents the variation of the instrumented
hardness and modulus as a function of the carbon
nanotubes concentration. Each column from the graph
below was generated by averaging four parameters
obtained from the indentation curve.

The average indentation hardness for 3 and 5 wt.% of
MWCNTs was quite close with 95.38 MPa and 96.47 MPa
and the standard deviation was 1.96 MPa and 2.98 MPa.
The average value of the indentation modulus for 1, 3 and
5 wt.% of MWCNTs was quite close with 1.44 GPa, 1.56
GPa and 1.66 GPa whereas the standard deviation was
lower than 0.09 GPa. The H,. and E, have increased with
the weight percentage 'of the' carbon nanotubes
incorporated into the polymeric matrix.

Conclusions

This paper analyzed the viscoelastic behaviour of multi-
wall carbon nanotubes filled polypropylene, using a sharp
indentation.

In order to investigate the influence of the plastic
deformation which occurred during the loading phase on
the creep response of materials, two types of 3-step
indentation tests were considered.

From the experimental indentation curves, the
viscoelastic behaviour of materials resulted in an increase
in the maximum indentation depth with the decrease in
the carbon nanotubes concentration, even if the load was
constant during the holding phase of 300 s.

We discovered that the measured creep-displacement
during the 3-step indentation test with an applied load of 2
Nintroduced a significant plastic deformation as compared
to the 3-step indentation results obtained at load of 1 N. In
these conditions, the highest difference in the creep-
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displacement of Ah = 25% was obtained for 1 wt.% of
MW(CNTs. More pronounced creep response was found at
lower concentration of 3 and 5 wt.% of MWCNTs indented
at the lower load of 1 N.

Another parameter which demonstrated the plastic
character of the materials was the ratio of residual
indentation depth to the maximum indentation depth at
peak load (h /h__ > 0.7).

The influence of MWCNTs concentration on the creep
behaviour resulted in the creep rate calculated from the
displacement-log time plot. A higher creep rate was
noticed to vary between 10.72 nm/s (for 1 wt.% of
MWCNTs) and 9.77 nm/s (5 wt.% of MWCNTs) under a 3-
step indentation test at load of 2 N. The creep rate increased
along with load intensity and decreased with carbon
nanotubes concentration.

The Oliver and Pharr method was used to extract the
mechanical properties of polymeric materials from the
unloading phase of the indentation curve after 40 s. The
influence of duration of the holding phase on some
parameters such as indentation hardness and modulus was
studied.

Mechanical parameters obtained from the indentation
curves after 40 s were compared to those obtained after
300 s at peak loads of 1 and 2 N. Anincrease in load intensit
led to an increase in H,, (81.24 + 119.25 MPa for 5 wit. %g
and £, (1.66 + 1.85 GPa for 5 wt. %) along with the carbon
nanotubes concentration.

The behaviour of time-dependent materials reduced the
H, andE, parameters. The effect of creep on the £, can be
neglected after only 40 s as holding phase for 5'Wt.% of
MWCNTs sample. Instead, for 1 and 3 wt.% of MWCNTs
samples, a hold period more than 150 seconds could be
necessary to minimize the influence of creep onthe H,.. To
get a steady-state, an increase in hold time was necessary

The local character of the analysis determined a
variation in the H,_ with the carbon nanotubes
concentration from one site to another. The presence of
few agglomerates led to an increase in the hardness from
1 wt.% (86 MPa) to 5 wt.% (99.55 MPa) of MWCNTs. Also,
the EIT increased along with the concentration. A higher
dispersion of carbon nanotubes into the polymer could
improve the creep resistance of materials and their
mechanical performance.

To describe the response of time-dependent materials
under sharp indentation an analytical model must be
established as long as the plastic deformations during the
loading phase must be isolated using an appropriate loading
history.
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