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Abstract

The purpose of this study was to investigate the influence of aging on the prop-

erties of high-density polyethylene (HDPE) reinforced with multi-wall carbon

nanotubes (MWCNTs). Nanocomposites were prepared with nanotubes at 0, 1,

3, and 5 wt%. The long-term durability of the prepared materials was evaluated

by thermo-oxidative aging test. Test bodies were aged at 110�C for up to

10 weeks. The nanocomposites were characterized by differential scanning cal-

ometry, thermogravimetric analysis (TGA), 13C-NMR, elongation at break, and

transmission electron microscopy. The aging mainly occurred on the surface of

the samples and the neat HDPE showed a strong yellowing after the aging. A

strong reduction in elongation at break was seen. For neat HDPE, the elonga-

tion at break was reduced from roughly 1400–25%. When HDPE was

reinforced with the nanotubes, the reduction was less dramatic.
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1 | INTRODUCTION

Nanoscale hollow graphite cylinders (carbon nanotubes) are
promising fillers in conventional polymers. Carbon nan-
otubes (CNTs) have high-tensile strength, good electrical
conductivity, and a high-aspect ratio.1–3 This makes them
attractive in applications such as anti-static devices, capaci-
tors, sensors, and materials for electromagnetic interference
shielding. By adding CNTs to a polymer matrix, characteris-
tics such as electrical and mechanical properties can be
improved and this has received a great deal of attention.4–10

The effectiveness of the polymer composites depends
on the durability in the environments in which they are
used. The degradation of the polymers and their compos-
ites in outdoor applications reflects in structural and

chemical changes, which result in a significant decrease
in the mechanical performance and the service lifetime.
The degradation and the durability are therefore an
important area in the polymer research. It is well known
that CNTs can improve the thermal properties of polymer
composites as it increases the oxidative thermal stability
of the polymers. The CNTs also decrease the rate of pho-
tooxidation of the polymer composites by interacting
with oxygen molecules. Several authors have studied
thermal properties by thermogravimetric analysis (TGA).
For example, Duadagno reinforced syndiotactic polypro-
pylene (PP) with CNTs.11 The neat PP had a degradation
temperature of 340–440�C and when the CNTs were
added to the matrix, the degradation temperatures
became higher, between 420 and 480�C. Barus et al.
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added MWCNTs to low-density polyethylene and the
thermal stability was studied by TGA in atmospheres of
both nitrogen or air.5 In an atmosphere of nitrogen, a rel-
atively modestly increased thermal stability was seen,
whereas in air, a very strong stabilizing effect of the CNTs
was found. Several other studies have investigated the
thermal stability of various polymers reinforced with
CNTs using TGA12–15 . The addition of 0.5 wt% CNTs to
polyamide 6 increased the thermal stability of the
resulted composites.16 The changes in crystallization and
melting temperatures were also noticed. Similar results
have been achieved when CNTs were added to other
thermoplastic polymers. Naddeo et al. reinforced PP with
MWCNTs and exposed the nanocomposites to acceler-
ated weathering.17 The MWCNTs had a strong stabilizing
photooxidative effect against UV-radiation.

While several tests have been carried out using TGA in
order to evaluate the thermal properties, the effect of the
addition of CNTs to the polymer matrix on the long-term
thermal stability requires further study. The rationale behind
the present work was to investigate the thermal stability
behavior of the CNT-based polyethylene nanocomposites on
aging along with their mechanical, thermal, and morphologi-
cal properties. Accelerated aging tests are important for
determination of how environmental conditions such as tem-
perature, humidity, UV radiation, and other factors will
affect the lifespan of the product. In this study, we aged poly-
ethylene reinforced with CNTs up to 5 wt%.

CNT-based polyethylene composites were prepared
by melt compounding. Test bodies were aged by thermo-
oxidation for 10 weeks at 110�C, and subsequently char-
acterized by thermal, mechanical tests and by 13C-NMR.
We believe that this study lays the foundation for investi-
gation of the thermo-oxidative aging of CNT/PE compos-
ites and that subsequent work could reveal the long-term
stability of these composites.

2 | MATERIALS AND METHODS

2.1 | Materials

Neat high-density polyethylene (HDPE) (Purell GA7760) of
injection molding grade with a density of 963 kg/m3 was
supplied by LyondellBasell. The supplier recommended
processing temperatures between 190�C and 230�C. Multi-
wall carbon nanotubes (MWCNTs) were obtained as a mas-
ter batch. The master batch (PLASTICYL HDPE1501) is
based on HDPE with Nanocyl's short tangled MWCNTs
(NC7000) at 15 wt%. The polymer had a melt temperature
of 135�C and the density was 0.977 g/L. PLASTICYL
HDPE1501 was chosen due to its high-melt flow, which
makes it suitable for injection molding.

2.2 | Preparation of nanocomposites

Composites were produced by blending of Purell GA7760
and PLASTICYL HDPE1501 at known ratios using DSM
Xplore Micro 15 cc Twin Screw Compounder. The weight
of the nanotubes in the composites varied between 1 and
5 wt% (1, 3, and 5 wt%) and the compounding tempera-
ture was 190�C, see Table 1. The blending time in the
compounder was 5 min. Neat polyethylene (Purell
GA7760) was processed with the same processing param-
eters for reference.

The blended mixture was then injection molded using
an Xplore 10 cc Injection Molding Machine. The composite
was injected in a two-cavity mold, producing one dumb-bell
shaped specimen for tensile testing and one block structure.
The block, the sprue, the runner, and the gate were used to
perform other tests mentioned under characterization.

2.3 | Accelerated aging

The samples were exposed to thermo-oxidative aging.
The dumb-bell shaped test bodies for tensile testing were
placed in an oven (Termaks TS 8056) and aged at 110�C
for 10 weeks and in an atmosphere of air. Samples were
taken from the oven every second week and tested for
elongation at break.

2.4 | Characterization

The composites were analyzed for mechanical, thermal,
chemical, and morphological properties. This section covers
the test design, the test apparatus, methods of gathering
data, and type of control.

Samples were characterized by Fourier transform
infrared spectroscopy (FTIR). The infrared spectrum of
absorption of a composite sample was obtained using a
Nicolet 6700 FTIR spectrometer from Thermo Fisher Sci-
entific. FTIR spectra were acquired in a range from 4000
to 600 cm−1 with 64 scans and 4 cm−1 band resolution.

Samples were also characterized by carbon-13 nuclear
magnetic resonance (13C-NMR). For the NMR experiments,

TABLE 1 Composition of the compounded samples

Sample wt% Masterbatch wt% HDPE wt% CNT

0 wt% CNT 0 100 0

1 wt% CNT 6.67 93.3 1

3 wt% CNT 20 80 3

5 wt% CNT 33.3 66.7 5

Abbreviations: CNTs, carbon nanotubes; HDPE, high-density polyethylene.
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the samples were dissolved at 120–130�C in a 1,2,4-tri-
chlorobenzene/benzene-d6 mixture. The 13C-NMR spectra
were measured at 110�C at 200 MHz using a Bruker
AVANCE-III 800 spectrometer with a standard DUAL
probe from Bruker. The spectra were acquired with NOE
using an excitation pulse of 70� and a 2 s relaxation
delay. The number of transients acquired was between
256 and 4096.

Dumb-bell shaped specimens, 75 mm long, were pre-
pared by injection molding according to ISO 527 for ten-
sile testing. The tests were carried out according to the
same standard using a Tinius Olsen H10KT universal test-
ing machine and QMat software. The force and the exten-
sion were measured using a 5 kN load cell and a
mechanical extensometer. The test speed was 10 mm/min
and the elongation at break was recorded. Testing was
done at room temperature. A minimum of five specimens
were tested for each batch and the average was noted.

Differential scanning calorimetry (DSC) analysis was
carried out using a Q series DSC instrument (Q2000; TA
Instruments, supplied by Waters LLC) to investigate the
thermal properties of the composites, such as the degree
of crystallinity and heat enthalpy. A sample weighing
approximately 10 mg was sealed in an aluminum pan
and the pan was heated from 20 to 200�C at a heating
rate of 10�C/min. The sample was cooled to 20�C and
heated again to 200�C. The analysis was performed in a
nitrogen atmosphere. The measurements were performed
at least twice for each sample and the transitions were
recorded from the second heating.

Oxidation induction time (OIT) tests were conducted
by heating an aged sample weighing approximately
10 mg from 30�C to 200�C with a heating rate of 20�C/
min. The nitrogen gas was switched to oxygen when the
temperature reached 200�C. The measurements were per-
formed at least three times for each sample.

The thermal stability of the samples was investigated
using thermogravimetric analysis using a TGA Q500
from TA Instruments (supplied by Waters LLC). A sam-
ple weighing approximately 20 mg was heated from 30�C
to 600�C in a platinum pan at a heating rate of 10�C/min
in an atmosphere of air. The tests were performed at least
twice for each sample.

Transmission electron microscopy (TEM) micro-
graphs were prepared by an external company, using a
100 kV transmission electron microscope from Zeiss.
Unaged samples at 1, 3, and 5 wt% were characterized.

3 | RESULTS

The mechanical and thermal properties of CNT/HDPE
nanocomposites have been published from several

previous studies.18–20 This work deals with the behavior
of the composites on thermo-oxidative aging. The change
in molecular weight, strain during elongation, oxidation,
and thermal stability were studied in order to establish
the long-term stability of the composites. The
nanocomposites prepared were first characterized by
photography's and the result is shown in Figure 1.

The test bodies showed a strong yellowing after
10 weeks of aging. Cracks are visible on the surface. The
nanocomposites were also characterized by TEM and the
result is shown in Figure 2.

For CNTs at 1 wt%, the nanotubes were relatively
well dispersed in the polymer matrix but some agglomer-
ations could also be seen. The nanotubes were randomly
oriented and curved nanotubes could be observed. At
3 and 5 wt%, agglomerations could be seen. The lack of
sufficient dispersion is a general problem when preparing
nanocomposites with CNTs.21 Good dispersion is a pre-
requisite for obtaining good mechanical and thermal
properties. 3 wt% CNTs is generally considered as a high-
filler load to disperse and some agglomerations are
expected. It is possible to improve the dispersion of the
CNTs by surface modifiactions.22

The thermal stability of the nanocomposites prepared
was first determined by TGA of neat polyethylene and
HDPE/CNT composites in a nitrogen atmosphere. The
results are given in Table 2. It was clear that the thermal
decomposition temperatures increased considerably on
addition of CNT to PE, which directly indicates improve-
ment in thermal stability. The HDPE decomposition was
studied using the onset temperatures (T10 and T50) as
shown in Table 2. For the unaged samples, a strong
increase thermal stability was seen. For example, increas-
ing the CNT loading from 0 to 5 wt% increased T10 with
almost 100�C. Also the maximum degradation was
strongly affected, and it increased from 362�C (0 wt%) to
471�C (5 wt% CNT). Aging the samples for 10 weeks
slightly decreased the thermal stability but the difference
was in most cases relatively small. The stabilization effect

FIGURE 1 Test body before aging (left) and after 10 weeks of

aging (right) [Color figure can be viewed at wileyonlinelibrary.com]
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of CNT can be explained by the barrier effect of the CNTs
and their aggregates, which would temporarily hinder
the diffusion of the degradation products from the bulk
of the polymer onto the gas phase. An analogous behav-
ior of PP/CNT composites has been reported earlier.23 It
is also known that the barrier can prevent from oxygen
action.7 The barrier effect could also be introduced to
increase interfacial interactions between CNTs and PE by
functionalizing either CNT or PE, which leads to an
increase in the activation energy of degradation.24,25

The samples were characterized by elongation at break
and the results are shown in Figure 3. The neat HDPE was
a ductile material with an elongation of almost 1400%. As
neat HDPE ages, the elongation is quickly reduced. After
2 weeks of aging, the elongation had already dropped to
almost a third of its original value. After 10 weeks of aging,
the elongation at break had decreased to about 25%. The
degradation mainly takes place on the surface of the test
bodies. This may induce cracks on the surface, which can
serve as indication of fracture during tensile testing,
explaining the strong reduction in elongation at break.

As HDPE is reinforced by CNTs, the elongation was
clearly reduced. At 1 wt% loading, the elongation was still

relatively high but at 3 wt% it was reduced to almost a third
of its initial value. At 5 wt% CNT loading, the elongation
was reduced to 250%. When the nanocomposite with 1 wt%
CNTs was aged, it had a similar behavior to that of neat
HDPE. After 2 weeks of aging, there was already a clear
reduction in elongation at break. At higher loadings of the
CNTs, the reduction in elongation was not quite so dra-
matic. At 5 wt% CNTs, the elongation went from 250 to 35%.

FIGURE 2 TEM micrographs of HDPE with CNTs at 1 wt% (left), 3 wt% (middle), and 5 wt% (right). CNTs, carbon nanotubes; HDPE,

high-density polyethylene; TEM, transmission electron microscopy [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Thermal decomposition

of HDPE and its composites in an

atmosphere of air measured by TGA.

The aged samples were aged for

10 weeks. The SD is given within

brackets

Sample T10 (�C) T50 (�C) Maximum degradation (�C)

0 wt% CNT, unaged 338.17 (16.2) 372.76 (18.6) 362.20 (10.9)

1 wt% CNT, unaged 346.94 (3.7) 438.3 (7.1) 460.43 (0.2)

3 wt% CNT, unaged 420.63 (4.9) 457.05 (3.9) 471.24 (3.2)

5 wt% CNT, unaged 435.06 (3.7) 463.3 (0.7) 470.89 (0.0)

0 wt% CNT, aged 330.52 (1.7) 362.42 (22.5) 349.73 (6.9)

1 wt% CNT, aged 347.66 (2.7) 423.55 (9.5) 431.47 (14.56)

3 wt% CNT, aged 396.00 (3.4) 457.54 (10.0) 470.84 (4.5)

5 wt% CNT, aged 421.31 (1.3) 463.89 (10.1) 469.58 (10.6)

Abbreviation: CNTs, carbon nanotubes.

FIGURE 3 Elongation as a function of the aging time [Color

figure can be viewed at wileyonlinelibrary.com]
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In summary, this rather harsh aging procedure clearly
affected the elongation at break. The aging period of
10 weeks is estimated to correspond to roughly 100 years
of usage at room temperature assuming, that an increase
of 10�C corresponds to a doubling of the reaction rate of
the degradation reaction. This model is commonly used
and is often referred to as the “10-degree rule.”26 This
should of course only be seen as a rough indication.

Samples were also characterized by 13C-NMR, and
the spectra are shown in Figure 4. The assignments
were done using the literature.27 Carbons adjacent to

the carbonyl group could be seen. Carbons in alpha
position relative to the carbonyl group could be seen at
42.8 ppm and carbons in beta position could be seen at
24.3 ppm. Signs of ethyl group branching could also be
seen at 39.6 ppm. The results are given in Table 3. The
unaged HDPE did not show any signs of oxidation.
There was some evidence of ethyl branching, but longer
NMR runs would be required to accurately quantify the
branching. HDPE aged for 10 weeks did; however,
show clear signs of oxidation. The molecular weights of
the aged and unaged HDPE did not differ significantly
(Table 4). It is interesting to note that the
nanocomposite did not show any signs of oxidation.
Some polymer degradation probably occurred on the
surface of the test bodies, causing the reduction in elon-
gation at break, but this was not seen in the NMR spec-
tra―since it is a bulk method.

Even though the sample with 5 wt% CNTs did not
show any signs of oxidation, it had a lower molecular
weight. This would have to be confirmed by longer
NMR runs; however. It is possible that the CNTs protec-
ted the polymer matrix from oxidation and that the

FIGURE 4 13C-NMR spectra of neat HDPE (upper frame),

HDPE aged for 10 weeks (middle frame) and HDPE +5 wt% HDPE,

aged for 10 weeks (lower frame). CNTs, carbon nanotubes; HDPE,

high-density polyethylene [Color figure can be viewed at

wileyonlinelibrary.com]

TABLE 3 Assignments of the chemical shifts. For further

explanation of the abbreviations, see Figure 3

Chemical shift Assignment

Shifts for aged HDPE:

42.8 α

24.3 β

Shifts for HDPE + CNT, 10 weeks of aging:

39.6 br

34.0 α

27.3 β

26.7 2B2

11.2 2B1

Abbreviations: CNTs, carbon nanotubes; HDPE, high-density polyethylene.

TABLE 4 13C-NMR results showing change in number average

molecular weight (Mn), ethyl groups per 1,000 carbon atoms

(et/1,000 C), and carbonyl groups per 1,000 carbon atoms (C=O/

1,000 C)

Sample Mn Et/1000 C C=O/1000 C

Virgin HDPE 12,869 0.40 n.d.

HDPE, 10 weeks of aging 12,811 n.d. 2.57

HDPE + 5 wt% CNT,
10 weeks of aging

8600 1.09 n.d.

Abbreviations: CNTs, carbon nanotubes; HDPE, high-density polyethylene;
n.d., not determined.
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polymer underwent polymer degradation by some other
mechanism.

The samples were also characterized by FTIR. Poly-
ethylene oxidizes to give hydroperoxide, ketone, carbox-
ylic acid groups, and other products which can be seen as

–OH species (with absorption at around 3400 cm−1) and
carbonyl species (with absorption at 1780–1700 cm−1). It
was not possible to establish the exact nature of oxidation
and of the contributions from each of these species. How-
ever, the contributions of –OH species at 3400 cm−1 and

FIGURE 5 FTIR spectra of neat HDPE samples that were aged for 2 weeks (blue) and for 10 weeks (red). FTIR, Fourier transform

infrared spectroscopy; HDPE, high-density polyethylene [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 6 FTIR spectra of CNT-reinforced (5 wt%) HDPE samples that were aged for 2 weeks (red) and for 10 weeks (blue). CNTs,

carbon nanotubes; FTIR, Fourier transform infrared spectroscopy; HDPE, high-density polyethylene [Color figure can be viewed at

wileyonlinelibrary.com]
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carbonyl species at 1718 cm−1 were evident (Figure 5).
The results from the FTIR spectra were in line with those
from the 13C-NMR spectra.

The most interesting results from the FTIR were that
the addition of 5 wt% CNTs resulted in disappearance of
peaks from –OH and carbonyl species (Figure 6). These
results were further confirmed using differential scan-
ning calorimetry.

The melting temperatures, enthalpies, and crystalliza-
tion temperatures of the aged nanocomposites are given
in Table 5. The inclusion of CNTs and the aging of the
composites had moderate impact on the enthalpy (ΔHm),
and there was no definite correlation between CNT load-
ing and enthalpy. The enthalpy of the reference, unaged
polymer was 218 ± 4.2 J/g and it was reduced up to 4%
on inclusion of 3 wt% CNTs. The enthalpy was further
reduced to 195 J/g with accelerated aging of the compos-
ites. The melting temperature of unaged polyethylene
was approximately 133�C, and this was not affected
either by the inclusion of CNTs or by the aging of the
composites. The tendency was similar with crystallization
temperature, as shown in the table. The trend adheres to

previous studies.24 It is interesting to note that the degree
of crystallinity of the polymer (74.4 ± 1.4%) was consider-
ably affected which is in line with the results from FTIR.

The amount of antioxidant available in the polymer is
indirectly apparent from the OIT. Antioxidants hinder
the polymer chain scission and inhibit the reduction in
molecular weight of the polymer. OIT is summarized in
Table 5; the results show that the OIT fell by 10%, from
30 to 27 min. The consumption of antioxidants on accel-
erated aging was obvious, and the polymer was more
prone to oxidation after aging. Furthermore, the addition
of CNTs did not affect the OIT significantly. This strong
evidence of oxidation supports the results from 13C-NMR
and FTIR.

4 | CONCLUSIONS

The incentive of adding CNTs to HDPE could be to
improve the mechanical properties as well as to improve
the electrical conductivity for electrostatic discharge
packaging.28 It is also known that CNTs can modify the

TABLE 5 Melting temperatures, fusion enthalpies, crystallization temperatures, and oxidation induction times of aged HDPE/CNT

composites

Accelerated aging
Reinforcement
CNTs (wt%)

Melting temperature,
Tm (�C)

Enthalpy from melting
curve, ΔHm (J/g)

Crystallization
temperature, Tc (�C)

Oxidation
induction time
(OIT; min)

Aged
2 weeks

0 132.08 ± 0.67 212.6 ± 9.7 120.45 ± 0.22 30.29

1 132.68 ± 0.74 217.1 ± 2.8 122.64 ± 0.07 30.84

3 132.32 ± 0.30 201.7 ± 2.6 122.71 ± 0.42 29.10

5 132.25 ± 0.19 193.9 ± 1.9 122.28 ± 0.24 30.30

Aged
4 weeks

0 131.39 ± 0.22 208.6 ± 13.7 119.51 ± 1.99 29.25

1 132.91 ± 0.21 217.27 ± 0.6 122.48 ± 0.16 28.29

3 132.28 ± 0.21 207.2 ± 2.0 122.80 ± 0.20 28.39

5 132.17 ± 0.12 195.8 ± 1.7 122.26 ± 0.16 28.51

Aged
6 weeks

0 132.05 ± 0.25 220.6 ± 3.6 120.58 ± 0.03 28.19

1 132.36 ± 0.53 215.8 ± 2.2 122.59 ± 0.06 28.43

3 131.89 ± 0.34 204.6 ± 3.5 122.72 ± 0.17 28.95

5 132.32 ± 0.10 194.2 ± 0.1 122.09 ± 0.15 29.66

Aged
8 weeks

0 130.89 ± 1.24 192.4 ± 4.9 117.63 ± 0.55 27.19

1 132.78 ± 0.61 212.4 ± 6.7 121.19 ± 0.65 27.52

3 132.35 ± 0.03 204.1 ± 2.6 122.52 ± 0.09 28.05

5 132.52 ± 0.15 189.9 ± 0.0 121.60 ± 0.38 28.48

Aged
10 weeks

0 131.32 ± 0.46 202.7 ± 6.3 117.75 ± 0.92 27.24

1 131.09 ± 1.51 210.1 ± 11.3 120.50 ± 0.44 27.24

3 131.98 ± 0.10 202.2 ± 0.6 122.00 ± 0.32 27.71

5 132.52 ± 0.06 195.7 ± 0.2 121.06 ± 0.48 27.95

Abbreviation: CNTs, carbon nanotubes.
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thermal properties, which have mainly been studied with
TGA. Thermo-oxidative aging properties of polymer
matrix nanocomposites reinforced with CNTs are pres-
ently not well studied. The thermal stability of HDPE
reinforced with CNTs was therefore characterized by
TGA and by aging tests, followed by thermal and
mechanical tests.

1. When studying the thermal stability by TGA in an
atmosphere of nitrogen, the CNTs had a relatively strong
protective effect. For example, the neat HDPE had a max-
imum degradation temperature of 500�C while the maxi-
mum degradation temperature for 5 wt% nanocomposite
was 520�C.

2. The unreinforced HDPE was relatively sensitive to
aging, in terms of elongation at break. The aging mainly
takes place at the surface, which creates cracks that act
as stress raisers. Studies using both NMR and FTIR con-
firmed that the polymer was oxidized.

3. No signs of oxidation could be detected after
10 weeks of aging of the 5 wt% nanocomposite. However,
the reinforced HDPE also showed a reduction in elonga-
tion at break. The elongation for the nanocomposite with
5 wt% CNTs was reduced from 250 to 35%.
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