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Abstract: A method for the introduction graphene into high-pressure polyethylene (HPPE) 
has been developed. Samples of  graphene-HPPE were obtained with the content of  
graphene filler: 0.25%; 0.5%; 1.0%; 1.5%; 3.0%; 5.0% wt. The structural, morphological and 
deformation-strength properties of  the obtained samples have been investigated. It was 
established that the increase of  the elastic modulus value for the samples with the filler 
concentration of  3% wt and more.
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1. INTRODUCTION
Currently, nanocomposites represent a new 
direction in the field of  filled systems. Due 
to the special properties of  nanoscale fillers, 
the most attention of  scientists is focused on 
the development of  polymer nanocomposite 
materials [1-5].

Carbon nanostructures, and graphene in 
particular, are promising fillers, which attract the 
special interest of  researchers..

NANOSYSTEMS

Graphene is a two-dimensional unit layer 
of  carbon, only one sp2-carbon atom thick 
and has many unique physical properties [6-
13]. Experimental data show that the values of  
Young's modulus – 1 TPa, the maximum current 
density – 108 A·cm-2, the coefficient of  thermal 
conductivity of  up to 5000 m-1K-1, the charge 
carrier mobility at room temperature of  104 
cm2K-1s-1[14-17].

Due to the introduction of  a graphene filler 
into various polymers, the obtained composites 
acquire improved characteristics in terms 
of  strength, rigidity, electrical and thermal 
conductivity [18-20].

In turn, high-pressure polyethylene (HPPE) 
is one of  the most common, widely available and 
cheap polymers, the expansion of  the areas of  
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its application by modifying its properties is a 
currently important direction.

In this regard, the aim of  this work was to 
develop a method of  introducing graphene into 
high-pressure polyethylene, to obtain polymer 
composites of  graphene-HPPE, and to study 
their properties.

2. EXPERIMENTAL
The following were used as precursors for the 
synthesis of  graphene and composite materials: 
Chinese natural graphite (99.9% C, crushed in 
a ball mill to a size of  200-300 μm), sulfuric 
acids (ACS, “Sigma Tech” LLC), potassium 
permanganate (p.a., “NevaReaktiv” LLC), 
hydrogen peroxide (p.a., “NevaReaktiv” LLC), 
isopropyl alcohol (ACS, “EKOS-1” JSC), high 
pressure polyethylene (CAS-No: 9002-88-
4, Sigma Aldrich), vacuum oil BM1 (industry 
standard OST 38.101402-86, “GSM Group” 
LLC), distilled water.

The samples of  the graphene-HPPE 
composites were obtained in two stages. At the 
first stage graphene was synthesized. For this 
purpose, the natural graphite used as a starting 
material, was oxidized to graphite oxide by 
a modified Hummers’ method [21-23]. The 
obtained oxidized product was dispersed in 
distilled water using an ultrasonic unit (20.4 
kHz frequency, 0.1–1 W/cm3 specific power) 
for 15 minutes until formation of  graphene 
oxide. After that, the aqueous dispersion was 
centrifuged (6000 rpm for 10 min), a precipitate 
was isolated and dried at a temperature of  60°C 
for 24 h. Then, the powdered graphene oxide 
was reduced to graphene with isopropanol under 
supercritical conditions [24].

At the second stage the obtained graphene 
was dispersed in isopropyl alcohol in the ratio of  
1mg/1ml for 1 h by ultrasonic treatment. The 
obtained graphene dispersion was introduced in 
small portions into solution-melt HPPE-BM1 oil 
at a temperature of  200°C under the condition 
of  constant stirring (1200 rpm). The removal of  

isopropanol vapors from the reaction vessel was 
carried out by an argon flow.

At the end of  the synthesis, the reaction 
mixture was cooled to room temperature. The 
obtained composite was purified from oil by 
extraction with hexane in a Soxhlet’s apparatus 
for 16 h.

Thus, the samples of  graphene-HPPE 
containing 0.25, 0.5, 1, 1.5, 3 and 5% wt of  
graphene, which are powders, were obtained. 
Fig. 1 shows a sample of  the graphene-HPPE 
composite containing 5 wt.% of  graphene.

By the method of  hot pressing from 
the samples, with different content of  the 
carbon filler, the films were obtained. For this 
purpose, powdered samples (m = 5 g) were 
evenly distributed over the volume of  copper 
frames (100×100×0.041 mm) and kept for 
30 sec at 180°С and pressure of  20 kg/
cm2. Fixation of  the shape of  the products 
occurred as a result of  cooling the samples to 
room temperature.

The structural characteristics of  the samples 
were investigated using powder diffractometry 
and Raman spectroscopy. X-ray phase analysis 
(XRD) was carried out on DRON-7 unit with 
graphite monochromator on СuKα-radiation 

 
Fig. 1. A sample of  the graphene-HPPE composite.
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(λ = 1.54056 Å) with Ni filters. The Raman 
spectroscopy signals were recorded using a 
photomultiplier (PMT) operating in the photon 
counting mode. The spectra were accumulated 
on a personal computer.

The morphology of  graphene flakes 
in isopropanol and in a HPPE matrix was 
determined by analytical processing of  
microphotographs obtained by transmission 
electron microscopy (TEM) on a Leo 912 AB 
Omega unit at an accelerating voltage of  100 
kV.

Before imaging, the samples were placed 
on carbon-film-coated copper grids 3.05 mm 
in diameter. Translucent images were acquired 
at magnifications up to 500,000×. A restriction 
aperture with a diameter of  0.4 μm was used to 
obtain electron diffraction images.

Atomic force microscopy (AFM) was used 
to determine the lateral size and height of  the 
graphene particles. The samples were imaged 
using a Solver P47 microscope (Solver scanner, 
sonde NSG01) at a nominal cantilever resonance 
frequency of  150 kHz, cantilever stiffness 
constant of  5.1 N/m, sonde radius of  10 nm, 
scanning speed of  1 Hz, and resolution of  
512x512 points.

Before the AFM study, a 10 µl drop of  
graphene dispersion in isopropanol was placed 
on freshly pierced mica and incubated at room 
temperature until complete evaporation of  the 
solvent.

Deformation-strength studies of  
graphene-HPPE samples were performed 
on an Instron 5540 series testing machine. 
Blades of  standard sizes (11×80 mm) were 
cut from the manufactured graphene-
HPPE composite films and tested at room 
temperature, pressure of  620 kPa, and speed 
of  50 mm/min.

The rheological properties of  the samples of  
graphene-HPPE composites were studied using 
a capillary viscometer.

3. RESULTS AND DISCUSSION
Before the introduction of  graphene, obtained 
from natural graphite by chemical processes 
(oxidation, dispersion, reduction), into high 
pressure polyethylene, it was characterized by a 
complex of  methods of  physical and chemical 
analysis.

X-ray phase analysis (XRF) and Raman 
spectroscopy were used to obtain data on the 
structure of  graphene.

The diffractogram of  the initial graphite 
(Fig. 2a) shows characteristic reflexes of  low (at 
the angles of  2θ: 12.5, 25, 55 deg) and strong 
intensity (at 2θ – 26.6 deg) corresponding to 
the graphite phase with the hexagonal lattice 
structure.

The transition from the densely packed, 
compact source material to the nano-object, 
graphene, resulted in a decrease in the intensity 
and significant broadening of  the diffraction 
maximum in the region of  26.6 deg. (Fig. 2b). 
In addition, there is a disappearance of  low-
intensity reflexes characteristic of  graphite. 
These results indicate an increase in the sample 
dispersion (reduction of  the size of  graphene 
particles).

Additional information about the 
graphene structure was obtained using Raman 
spectroscopy. Raman spectroscopy is a powerful 
tool for the identification of  non-destructive 
carbonaceous materials, in particular, for the 
determination of  ordered and disordered crystal 
structures of  carbon.

Fig. 2. Diffractograms of  samples: a - original graphite, 
b - graphene.
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G (≈1582cm-1) and D (≈1350cm-1) lines 
are characteristic features for carbon in 
Raman scattering spectra. The G-line is 
usually attributed to the Eg2 phonon sp2-
hybridized carbon atoms, whereas the D-line 
constitutes the fully symmetric valence 
vibration κ-point phonons of  A1g symmetry 
[25-28]. The overtones of  these lines are 2G 
and 2D, located at 3248 cm-1 and 2700 cm-1 
respectively.

The Raman spectrum of  natural graphite 
(Fig. 3a), used as a feedstock for graphene 
production, is represented by a strong G-line 
(1582 cm-1), a broad 2D-line (2700 cm-1), and a 
very weak 2G line at 3245 cm-1. In the Raman 
spectrum signals of  graphene (Fig. 3b), the 
G band broadens and shifts to 1590 cm-1, an 
intense D band at 1350 cm-1 appears, there 
is a slight shift of  the 2D and disappearance 
of  the 2G bands. These phenomena can be 
attributed to the significant size reduction 
in the sp2 plane of  the domains due to 
exfoliation of  the graphite crystal structure 
by oxidation and ultrasonic treatment to 
graphene oxide followed by its reduction 
[29,30].

The morphology of  graphene was 
analyzed by transmission electron microscopy. 
Microphotographs show graphene sheets with 
a thin, transparent, slightly folded structure, 
resistant to the electron beam action.

Electron diffraction was performed from the 
selected area of  the graphene particle. Fig. 4 
shows the diffraction pattern in which clearly 
defined point reflexes confirm the crystalline 
structure of  the graphene sheets.

By the AFM method the geometric parameters 
of  the studied graphene were established. The 
AFM images show flat particles with lateral sizes 
from 1.5 to 3 μm and thickness of  1-2 nm, which 
corresponds to 3-5 layers of  graphene. Fig. 5 
shows a single sheet of  graphene.

After the basic structural and morphological 
characteristics of  graphene were found out, it 
was used as a nanofiller for polyethylene.

High-pressure polyethylene has a rather rigid 
and complex structure, consisting of  molecules, 
tightly stacked in parallel one to another to form 
lamellae. The introduction of  graphene into the 
polymer could be accompanied by aggregation 
and uneven distribution of  the filler particles, 
due to their difficult penetration between the 
lamellae.

In order to "activate" polyethylene, i.e. to 
make its structure available for the introduction 
and uniform fixation of  the graphene particles, 

Fig. 3. Raman spectrum: a-graphite, b-graphene.
 

  

Fig. 4. TEM image and electron diffraction of  graphene.

Fig. 5. AFM–image and cross-section of  a graphene 
sheet.
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vacuum oil was used. Vacuum oil mixed well with 
polyethylene, allowed to move apart the lamellae 
and create a very mobile reaction environment, 
allowing the filler to freely penetrate into the 
structure of  polyethylene.

The obtained samples of  graphene-HPPE 
in powder form contained from 0.25 to 5 wt% 
of  the graphene filler and differed little from 
each other in color. However, after transforming 
the powders into films, a gamma from light 
to dark gray hue was formed. The degree of  
color saturation of  the samples increased with 
increasing concentration of  graphene in the 
HPPE.

Fig. 6 shows the TEM-image of  
the graphene-HPPE sample. The 
microphotograph shows a curved graphene 
sheet with lateral dimensions of  2 μm, 
which has entered the polymer structure. 
The authors of  [31] argue that the surface 
relief  and twisting are inherent to the 
graphene sheets, as the thermodynamic 
stability of  the 2D structures occurs as a 
result of  microscopic folds due to bending 
and deformation.

The electronogram (Fig. 6) for this sample is 
represented by blurred weakly pronounced ring 
reflexes due to the amorphous component of  
the polymer and signals in the form of  single 
points characterizing the graphene crystal 
structure.

The results of  Raman-spectra study of  HPPE 
samples without the filler and with it showed 
that the filler introduction into the polymer is 

accompanied by the appearance of  G, D and 
2D lines typical for the carbon structures in the 
Raman spectra (Fig. 7).
Further stage of  the work consisted in the study 
of  the graphene-HPPE film samples properties.

Fig. 8 shows the results of  the study of  the 
films surface using an optical microscope. The 
image (Fig. 8) shows a uniform distribution of  
the filler particles of  large (5-10 microns) and 
small (1-2 microns) size. Besides, the presence 
of  light strips - defects (microcracks) is noted on 
the surface of  the films.

A possible reason for such defects may be 
the presence of  macroparticles located at the 
boundary of  the crystallites, which behave as 
stress concentrators and contribute to the film 
surface continuity breaking.

The measurement of  the deformation-
strength characteristics of  the graphene-HPPE 
nanocomposites made it possible to obtain the 

Fig. 6. TEM-image and electron diffraction of  the 
graphene-НPPE composite sample.

  

Fig. 7. Image of  the Raman spectroscopy of  the studied 
samples: a - graphene, b - HPPE, c - graphene-HPPE 

composite.

 

Fig. 8. Image of  the graphene-HPPE film surface.
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concentration dependences of  the strength, 
modulus of  elasticity, and elongation at rupture 
for the samples under study (Fig. 9).

According to the above presented data, 
the strength and elongation at break of  the 
graphene-HPPE composites decrease, which is 
typical for the introduction of  rigid anisotropic 
particles into polyolefin polymers.

The values of  the elastic modulus remain 
unchanged for the samples with the filler 
concentration up to 1,5 wt.% and increase by 
100 MPa at the graphene filling by 3% and more 
wt.%. 

In addition to the deformation-strength 
characteristics for the graphene-HPPE samples, 
the rheological properties were studied.

Fig. 10 shows the flow curves of  the studied 
samples. There is a directly proportional growth 
of  the composites' viscosity with the increase 

in the graphene concentration from 1.5 to 5 
wt.%. For the samples of  graphene-HPPE 
with a lower filler content the values of  the 
measured characteristics are comparable with 
the result obtained for HPPE without graphene. 
The viscosity growth is accompanied by the 
increase in the pseudomolecular weight of  the 
graphene-HPPE samples. It is possible that this 
effect can be due to the increased interaction of  
the graphene sheets with the carbon chains of  
polyethylene.

4. CONCLUSION
During the conducted research work the method 
of  graphene introduction into polyolefin polymer 
was developed, the samples of  graphene-HPPE 
with different filler content (0.25-5 wt.%) were 
obtained. The structural and morphological 
characteristics of  the graphene and the 
composite material were studied. Strain-strain 
characteristics of  graphene-HPPE composite 
films with the thickness of  41 microns were 
measured and their rheological properties were 
investigated. It was found that the ultimate 
strength of  the samples does not depend on 
the filler concentration, while the increase in its 
content in the composites leads to a decrease 
in the value of  the relative elongation. There 

Fig. 9. Concentration dependences: a - elastic modulus, 
b - elongation at break, c - strength of  the graphene-

HPPE samples.

 

Fig. 10. Flow curves of  graphene-HPPE composite 
samples: a - HPPE, b - graphene- HPPE (1.5% wt.), c - 
graphene-HPPE (3% wt.), d - graphene-HPPE (5% wt.)
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is an increase in the elastic modulus relative to 
the values obtained for polyethylene without 
the filler by 100 mPa for the graphene-HPPE 
samples at the concentration of  graphene 3 
and more wt%. The results of  the study of  the 
rheological properties of  the graphene-HPPE 
films, led to the conclusion about the growth 
of  the interaction of  graphene sheets with the 
carbon chains of  polyethylene.
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