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Abstract: An orientation memory effect in high density 
polyethylene (HDPE) filled with vapor grown carbon 
nanofibers (VGCNF) is reported. Two-dimensional X-ray 
(2DXR) confirmed the reorientation of HDPE crystal-
lites upon the uniaxial stretching of HDPE and HDPE 
filled by VGCNFs. This anisotropy of 2DXR spectra was 
decreased by heating all stretched samples (loaded or 
not loaded by VGCNFs) from room to the melting tem-
perature of HDPE. Upon cooling these samples to room 
temperature, it was noticed that only the nanocom-
posite retained a weak partial (uniaxial) order, while 
HDPE showed a completely isotropic 2DXR spectrum. It 
was concluded that during the stretching of nanocom-
posites the crystallites and VGCNFs were aligned along 
the uniaxial stress. Upon heating, the crystalline phase 
was melted, while the orientation of the VGCNFs was 
not significantly disturbed. The recrystallization of the 
polymer started preferentially from the VGCNF – poly-
mer interphase, resulting into an anisotropic crystalline 
structure.

Keywords: memory; polyethylene; two-dimensional X-ray 
spectra; vapor grown carbon nanofiber.

1  Introduction
Polyethylene is a polymer with excellent structural proper-
ties. The loading of polyethylene with carbon nanostruc-
tures [single walled carbon nanotubes, multi wall carbon 
nanotubes, vapor grown carbon nanofibers (VGCNF), gra-
phene, and fullerenes] affects the mechanical properties 
of the polymeric matrix, resulting typically in enhanced 
Young modulus, toughness, strain at fracture, ultimate 
stress and better thermal stability (1). Surface modifica-
tions of the nanofiler are also affecting the final features 
of the nanocomposite (2, 3). New features such as electri-
cal conductivity (4) or enhanced thermal conductivity (5) 
may also be added by loading the polyethylene matrix 
with carbon nanostructures. Loading high density poly-
ethylene (HDPE) with multiwall carbon nanotubes up to 
about 0.45% volume fraction resulted (6) in the increase of 
the Young modulus by about 20%, of the strain at fracture 
by about 25% and of the toughness by about 30%. Other 
authors reported (2), a minimum of the tensile strength in 
low density polyethylene at a loading of about 0.1% wt. 
multi wall carbon nanotubes and in linear low density pol-
yethylene loaded with carbon nanotubes (7) and stiffness 
enhancements in HDPE loaded by multi wall carbon nano-
tube (8). Typically the addition of one dimensional carbon 
nanostructures decreases the elongation at break in poly-
ethylene (PE) (2), result assigned to the poor dispersion of 
the one dimensional carbon nanostructure within PE or to 
nan incomplete wetting of the nanofiller by the polymeric 
matrix (9), which favors the delamination. Carbon nano-
fillers are also affecting the nucleation and crystallization 
processes in polymers (10). Uniaxial stresses align the 
macromolecular chains along the stretching direction (11, 
12). In PE loaded with carbon nanofibers (CNF), the uni-
axial extension propagates further by aligning also the one 
dimensional nanofiller along the stretching direction (13). 
Polymer processing may also contribute to the modifica-
tions of the physical and chemical features of polymers 
loaded with nanofillers (14).

The uniaxial stretching of polyethylene produces an 
anisotropic orientation of polymer crystallites (15, 16) and 
of nanofillers (13).
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2  �Experimental methods
Chevron Phillips Chemical Company provided the high-
density polyethylene (HDPE) pellets (grade HXM-50100), 
characterized by a density of 948 kg/m3. The polymer 
has been loaded with VGCNF type PR-24AG, from Pyro-
graf Products. HDPE-VGCNF nanocomposites have been 
obtained by melt mixing using a Haake Rheomix with 
twin counter-rotating screws. The melt mixing was done 
in air, at 150°C and 60 rotations per minute, for 10 min. 
Hot pressed HDPE and HDPE-VGCNF nanocomposites 
were obtained by pressing the polymer at 150°C for 1 min 
at 100 kN over an area of about 100 × 100 mm.

The samples were labeled as follows: HDPE for the 
pristine polymer, HDPE-VGCNF_xA for the sample con-
taining x% wt. VGCNF and not subjected to any mechani-
cal solicitation, HDPE-VGCNF_xB for the as obtained 
samples subjected to a 500% strain, and HDPE-VGCNF_xC 
for the as prepared sample subjected to a 1000% strain. 
In this study x = 0%, 10% and 20% wt., respectively.

Wide angle X-ray scattering (WAXS) measurements 
have been performed using a Rigaku spectrometer (Rigaku 
Americas, TX, USA) and 2DXR diffraction spectra have 
been obtained by using a Bruker Discover 8 spectrometer 
(Bruker AXS, USA) equipped with the general area detec-
tor diffraction system (GADDS). Scanning Electron Micros-
copy photographs were obtained by using a Zeiss Merlin 
scanning electron microscope (SEM).

3  �Experimental results and 
discussions

SEM photos of the as obtained nanocomposites HDPE-
VGCNF_20A (Figure 1A), and of stretched nanocompos-
ites HDPE-VGCNF_20B (Figure 1B) and HDPE-VGCNF_20C 
(Figure 1C) confirmed that the VGCNFs are well dispersed 
within the HDPE matrix. The orientation of the VGCNFs 

along the external uniaxial stress is noticed. Additionally, 
the fragmentation of VGCNFs due to the applied uniaxial 
mechanical stress has been noticed.

The stress-strain dependence reported (17) in these 
samples reveals an unusual behavior as both the tensile 
strength and the elongation at break are increased due to 
the loading with nanofiller (17) (see Figure 2). Such unique 
behavior justifies a detailed analysis of the morphologi-
cal modifications. SEM microscopy data suggests that 
the fragmentation of the VGCNFs allowed the slippage 
of the macromolecular chains, increasing the elongation 
at break. It is speculated that the mechanical processing 
generated defects on VGCNFs that decreased the stress 
required to break them.

WAXS measurements done with the Rigaku equip-
ment revealed the typical lines due to crystalline HDPE 
(see Figure 3). The WAXS spectrum of pressed and aligned 
(up to a strain of 500%) pristine HDPE is dominated by 
the lines corresponding to [110] and [220] reflections, 
located (in 2θ) at about 21.5° and 23.5°, respectively. These 
lines are consistent with the orthorhombic crystal cell of 
HDPE, as reported elsewhere (18). A (broad) hallo has 
been noticed in all samples at about 2θa × 20°, correspond-
ing to an average intermolecular distance da ≈ 0.66 λ/
sinθa ≈ 0.0.6 nm (19). This line is typically assigned to the 
amorphous phase in PE. However, the appearance of the 
[− 201] peak upon mechanical stretching reported in (18), 
was not observed.

The upper part of Figure 4 includes the X-ray spectra 
of pristine HDPE and HDPE-VGFNF_20A. The sample 
filled with 20% wt. VGCNFs exhibits an additional very 
weak and relatively broad line, located at 2θ = 26°. This 
peak was noticed in HDPE-VGFNF_20A and assigned to 
VGCNFs. As shown in upper part of Figure 4, this line is 
not observed in the pristine polymer (see the red spectrum 
in top section of Figure 4). The inset of the top section of 
Figure 4 shows a magnified region of the WAXS spectrum 
that contains the line due to VGCNFs. The positions of the 
WAXS lines due to the polymeric matrix are the same for 
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Figure 1: (A) SEM micrograph HDPE-VGCNF_20A (before stretching). (B) SEM of HDPE-VGCNF_20B (after a strain of 500%). (C) SEM of HDPE-
VGCNF_20C (after a strain of 1000%). The arrow indicates the stretching direction.
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both spectra but small changes in the intensities of the 
components may be observed and assigned to small dis-
tortions of the crystalline cell of HDPE upon stretching. 
Nevertheless, it is important to notice that the reported 
strong decrease of the intensity of the [110] line was rather 
moderate for the samples investigated in this report (18, 
20). The broad shoulder noticed at small angles is a fin-
gerprint of the amorphous phase in HDPE. The lower 
component of Figure 4 shows the WAXS spectra of HDPE 
stretched (up to a strain of 500%) recorded in two orienta-
tions. It is noticed that the relative positioning (between 
scanning direction and stretching direction) affects the 
line intensities of the polymeric matrices without produc-
ing significant shifts in the line position. The sample’s ori-
entation affects also the carbon nanotube peak, as noticed 
in the lower part of Figure 4. These observations indicate 
that both the macromolecular chains and the VGCNFs are 
statistically aligned along the stretching direction.

The large area detector of the Bruker Discover eight 
provides additional details about the anisotropy of the 
stretched samples. Figure 5 shows the large area detector 
WAXS spectrum of pristine HDPE for different values of 
the angle Φ. The right side represents the integration upon 
Φ angles, which converts the left (2D) spectrum into a θ−2θ 

spectrum, similar to the spectra shown in Figures  2–4. 
All  reflections located on a circle of a given radius (see 
Figure 5) correspond to an unique angle θ, and hence to 
a set of hkl numbers. From Figure 5 it is noticed that for 
pristine HDPE each circle has almost the same intensity 
(and width), indicating that the pristine HDPE is isotropic, 
i.e. the crystallites are randomly oriented in all directions.

The integration of the 2DXR spectra over different ori-
entations Φ, resulted in a collection of spectra, shown in 
the right panel of Figure 6 (for each angle Φ for the pris-
tine and not stretched HDPE filled with 10% VGCNF). It is 
noticed that all lines have the same position, amplitude, 
and width, irrespective on the ϕ angle value, supporting 
the conclusion that the pristine HDPE sample is isotropic. 
Figure 6 collects the integrated 2DXR spectra, for various 
values of the angle Φ, for pristine HDPE.

Figure 7 collects the integrated two-dimensional X-ray 
spectra, for various values of the angle Φ, for HDPE filled 
by 10% VGCNF and not subjected to mechanical stresses. 
It is noticed that the spectra are isotropic and the presence 
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Figure 2: Stress-strain dependence for pristine HDPE and HDPE 
loaded by 20% wt. VGCNF.
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Figure 3: WAXS spectra of stretched (aligned) and pressed HDPE.
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Figure 4: (Top) WAXS spectra of HDPE and HDPE-VGCNF_20A. 
(Lower) WAXS spectra of HDPE-VGCNF_20B in two configurations, 
parallel and perpendicular to the stretching direction.
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of VGCNF is represented by a very weak and broad line. The 
right side of Figure 7 shows the corresponding θ−2θ repre-
sentation for various Φ angles. These dependencies show 
no anisotropy, indicating that the loading with VGCNFs did 
not affected the isotropic distribution of HDPE crystallites.

Figure 8 collects the two-dimensional X-ray spectra 
of pristine HDPE, after being subjected to a 500% strain, 
for various Φ values, at three temperatures (room tem-
perature 77°C and 122°C). It is observed that the intensity 
and width of each circle is no more constant (for a given 
constant radius), at any temperature. This indicates that 
the sample became anisotropic and explains why the θ−2θ 
spectrum may miss some reflections or may not show that 
the sample became anisotropic.

The lines assigned to the polymeric matrix (HDPE) are 
not shifted by the addition of VGCNF and their intensities 
are not significantly affected. A weak and broad line due 
to VGCNF is noticed around 2θ = 26°. In conclusion, HDPE 
crystallites are not distorted by the presence of the nano-
filler, suggesting that the nanofiller is avoiding the HDPE 
crystallites.

The effect of stretching on the two-dimensional X-ray 
spectrum of pristine HDPE is shown in the left panel 
Figure 8. By comparing these spectra, corresponding 
to various Φ angles with the corresponding spectra of 
pristine and not stretched HDPE shown in Figure 7 (left 
side) it is concluded that the 500% strain induced a clear 
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HDPE not subjected to mechanical stress.
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Figure 5: (Left side) GADDS spectra of pristine HDPE corresponding to various orientations. (Right side) The integration used to convert the 
two-dimensional X-ray spectrum into 2θ standard WAXS spectrum.
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anisotropy. The sample stretched at room temperature 
was then heated at 77°C and 122°C. The effect of heating 
is also noticed from Figure 8. As the temperature at which 
the two-dimensional spectrum is recorded is increased, 
the anisotropy of the spectrum is decreased.

The anisotropy of pristine HDPE due to uniaxial 
stretching is supported by the data shown in Figure  9, 
where the dependence of the line position (top left side), 
line width (lower left side), line intensity (top right 
side), and line area (lower right side) on the angle Φ is 
represented for the most intense reflection [100] of pris-
tine HDPE, both not stretched (squares) and strained 
up to 500% (circles). All spectra are recorded at room 
temperature.

As seen in Figure 10 (right side), the spectrum of the 
HDPE filled with 20% VGCNF cooled down to room tem-
perature (after stretching at 500% strain and heating 
above 122°C) is not isotropic.

It is noticed that the loading with VGCNF reduces the 
degree of the orientation of macromolecular chains along 
the stretching direction. This can explain the improved 
mechanical features of the nanocomposite and confirms 
the interactions between macromolecular chains and 
VGCNFs. Similar results have been obtained for HDPE 
filled with 10% VGCNF.

The main steps of the observed memory effect are: 
the pristine polymeric matrix is crystalline containing 
randomly oriented crystallites. The melt mixing of the 
polymeric with the nanofiller does not induce any ani-
sotropy. The spectrum of the as obtained nanocompos-
ites indicates randomly oriented crystallites. Eventually 
the nanofiller is also randomly dispersed within the 
polymer.

Upon stretching at room temperature of both pristine 
polymer and nanocomposites an anisotropic spectrum 
is noticed and assigned to the preferential orientation of 
polymer crystallites along the stretching direction. It is 
speculated that the distribution of orientation for nano-
filler is also modified, i.e. the nanofiller (in our case 
VGCNFs) presents a certain preferential alignment along 
the stretching direction.

Heating the stretched samples (pristine polymer 
and nanocomposite) it is observed that the anisotropy 
decreases gradually and disappears close to the melting 
temperature of the polymeric matrix. It is speculated that 
while the crystallites are melted, the nanofiller preserves 
essentially its spatial distribution (uniaxial anisotropy).

Upon cooling from the melting temperature towards 
the room temperature the pristine polymer shows an 
isotropic spectrum at room temperature. However, the 
nanocomposite shows an anisotropic spectrum, reminis-
cent to the symmetry imposed by the external stress. This 
behavior is explained by the preferential grow of polymer 
crystallites near the nanofiler as well as by an orientation 
of these crystallites along the nanofiller. This feature is 
responsible for the observed orientation of polymer crys-
tallites in cooled nanocomposites. Some crystallites that 
eventually are growing at sufficiently are distance from 
the nanofiller are expected to show no anisotropy. This 
proposed scheme is shown in Figure 11.

The heating above the melting temperature washes 
out the crystalline anisotropy but is not sufficient to erase 
the memory of VGCNF orientation. Consequently, after 
heating at 127°C and cooling slowly at room temperature 
the pristine HDPE is isotropic while the HDPE filled with 
20% VGCNF retains a partial anisotropy.

PHI =  314° PHI =  319° PHI =  324°

PHI =  329° PHI =  334° PHI =  339°

PHI = 344° PHI = 349° PHI = 354°

PHI = 359° PHI = 4° PHI = 9°

Figure 8: Two-dimensional X-ray spectra on pristine HDPE, subjected to mechanical stress at 500% strain and different temperatures. Left: 
room temperature. Middle: sample measures at 77°C. Right. Sample measured at 122°C.
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Figure 10: (Left) Two-dimensional X-ray diffraction on HDPE filled with 20% VGCNF, subjected to mechanical stress at 500% strain at room 
temperature. (Right) Two-dimensional X-ray diffraction on HDPE filled with 20% VGCNF, subjected to mechanical stress at 500% strain after 
heating at 122°C for 10 min and cooling to room temperature (recorded at room temperature).
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4  �Conclusions
SEM micrographs confirmed the orientation of the 
VGCNFs along the direction of the uniaxial stress in 
HDPE-VGCNFs. Additionally, the micrographs suggested a 
fragmentation of VGCNFs during the mechanical testing 
which may explain the increase of the elongation at break 
in the samples filled with VGCNFs. It is suggested the melt 
mixing of HDPE and VGCNFs generated defects on the 
VGCNFs, which were responsible for the easy fracture of 
VGCNFs.

X-ray investigations on HDPE and HDPE filled with 
VGCNFs, subjected to uniaxial stretching are reported. It 
is concluded that pristine HDPE and HDPE loaded with 
VGCNF are isotropic. The uniaxial stretching is inducing 
an anisotropy, reflected by the two-dimensional X-ray 
spectra while almost absent in standard WAXS where the 
intensity of the scattered X-rays versus 2θ is recorded.

The uniaxial mechanical stretching below the melting 
temperature oriented both macromolecular chains and 
the nanofiller. Upon heating above the melting tempera-
ture, the crystalline phase was melted and the 2D X-ray 
spectrum (of HDPE) became isotropic for both pristine and 
HDPE-VGCNF samples. Cooling the stretched and melted 
HDPE frozen the crystallites in a random alignment. Nev-
ertheless, the HDPE sample loaded with VGCNFs show 
again an anisotropy upon cooling below the melting 
temperature. This is explained by the fact that the CNF 

preserved their orientation during the melting and freez-
ing steps and by the preferential growth of crystallites at 
the interface nanofiller-polymer.

This “structural” memory effect is thermally acti-
vated and in contrast with other memory effects does not 
involve a chemical bond. The memory effect provides a 
self-healing of the mechanical properties upon heating 
the nanocomposite slightly above the melting tempera-
ture. Applications are expected in components that 
require excellent mechanical properties. A simple appli-
cation will be a differential strain sensor (in the area of 
civil engineering) where two identical dog bone shaped 
films one of pristine HDPE and other of HDPE filled with 
VGCNF can be used to sense the movement between two 
blocks/pieces. As the memory effect preserves a higher 
Young modulus for the sample loaded by VGCNFs, this 
sample will be stretched while the other will hang freely 
(after a cold stretching followed by melting). The advan-
tage of this approach is that the sensor still operates 
even if the sensor is heated above the melting tempera-
ture (as in the case of direct exposure to sun during the 
day), if the sensing is done at a temperature lower than 
the melting temperature of the polymeric matrix. Theo-
retically, the sensor will work for several cooling/heating 
cycles. Some other applications may aim at structural 
materials for biological applications, where eventually a 
polymer with a lower melting temperature may be even-
tually used.
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