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ARTICLE INFO ABSTRACT

Keywords: Cavitation in nanocomposites of high-density polyethylene (HDPE) with either graphene nanoplatelets (G) or

Polymer nano-composite reduced graphene oxide (rGO) during tensile deformation and impact tests was studied. Composites of HDPE

gral.:ahe.ne containing 0.1, 0.3, 0.5, and 1 wt% of G (HDPE + G) or rGO (HDPE + rGO) were processed using a twin-screw
avitation

extruder. Scanning electron microscopy (SEM), small-angle X-ray scattering (SAXS), Izod impact tests, tensile
drawing and differential scanning calorimetry (DSC) were used to study HDPE + G and HDPE + rGO nano-
composites. The effects of G and rGO contents on the thermal and mechanical properties of composites were
investigated. The inclusion of G platelets in the matrix increased the onset temperature of nonisothermal crys-
tallization of HDPE while inclusions of rGO did not. It was shown that during tensile drawing cavitation occurs in
the nanocomposites and HDPE alone. The cavitation pores have sizes above 25 nm with the bias towards larger
pores for both types of the nanocomposites. Smaller pores were healed due to the surface tension. In Izod tests the
debonding of HDPE from the nanoplatelets occurred ahead of the traveling Izod crack tip giving rise to many
voids becoming centers from which fracture emanated radially until impingement. There is only a small dif-
ference between HDPE + G and HDPE + rGO nanocomposites: G nanoplatelets nucleate the crystallization of

HDPE.

1. Introduction

High-density polyethylene (HDPE) is a flexible synthetic polymer
with good mechanical and processing properties. Although HDPE is
attractive and low cost, it shows occasional insufficient performances
limiting its certain applications. Incorporation of nano-fillers into HDPE
is a potential opportunity to counterbalance the properties and its pro-
cessability. Various nano-reinforcements were already applied for
HDPE: calcium carbonate [1], talc [2], silica [3], carbon nanotubes [4,
5], organoclay [6,7], various organic nanofibrils [8], cellulose nano-
crystals [9], ZnO [10,11], TiO3 [12,13], Al;03 [14] and graphene e.g.
Refs. [15-21]. During tensile deformation, the volume of such nano-
composites increases. Volume increase of nanocomposites usually has
two roots: a polymer can debond from inclusions, and a polymer may
have a tendency to cavitate itself under extensional stresses. Cavitation
inherent to semicrystalline polymers occurs around the yield point while
stretching. Inherent cavitation can be controlled and modified by
alteration of morphology by changing solidification conditions, e.g.
Refs. [22,23]. It was elucidated in the past that cavitation in semi-
crystalline polymer is triggered by free volume pores that are pertinent
to the amorphous phase [24,25]. So, one of the ways of changing
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cavitation habit is modification of the amorphous phase by various
means [26]. For example, alteration of crystalline and amorphous
phases of a polymer strongly influences cavitation [27,28]. Most of
crystalline polymers are characterized by spherulitic arrangement of
crystalline lamellae and the cavitation during stretching differs in
different parts of spherulites. The cavitation in spherulites was first
studied in details (bulk polyamide 6) long time ago [29]. It was eluci-
dated that equatorial regions of spherulites were particularly susceptible
to microvoiding at relatively low draw ratios. At higher draw ratios
cavitation occurred at polar regions. It was suggested that extensive
chain slip undergoes shear instability and lamellae fragmentation
created sites for cavities, all formed in the amorphous phase. The in-
stabilities leading to the lamellae fragmentation were investigated
separately [30]. This type of fragmentation concerns the lamellae which
are oriented parallel to the tensile direction and is connected with the
excessive lamellae thinning and interfacial instabilities but by no means
with cavitation. However, cavitation may result from such instabilities
as observed and outlined earlier [29]. Under certain tensile deformation
conditions, involving positive pressure, the microvoiding mechanism is
inoperative, which clearly indicates the main role of the amorphous
phase in the triggering and formation of cavities, for example [31]. A
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direct evidence of suppression of cavitation by applying hydrostatic
pressure was reported for many polymers (polyethylene, polypropylene,
polymethylene oxide and others) in a research paper [32]. Hydrostatic
pressure of 0.5 kbar was sufficient to prevent for cavitation in all poly-
mers studied. The cavitation related to the stacks of lamellae oriented
parallel to the tensile direction at relatively large deformation was
recently regarded and named as “large strain cavitation” [33,34].

Crystallinity, crystal thickness, tie-chain concentration, cohesion and
consistency of the amorphous phase have been found to be important
parameters for cavitation [23]. Additives and nanoadditives can also
modify cavitation of a polymer due to stretching by debonding, e.g. Refs.
[35-37]. Micro or nano-sized voids can be formed during stretching of
nanocomposites containing nanofiller. Debonding of polymer-inclusion
relies on the strength of interfacial adhesion and surface tension of a
filler and a polymer [38-40].

Filler particles originate intensive shear and stress zones during
stretching due to different Young moduli of components. They are
located in polar zones and cause initial debonding of matrix-particle and
form micro or nanovoids. Micro and nanovoids do not transmit the stress
causing the stress concentrations in equatorial zones and their plastic
deformation. Initiation, growing and enlarging of voids in the stretching
direction leads to whitening [36,41-45]. Debonding of particles from
polymer leads to the load transfer from filler to matrix and causes the
energy absorption during deformation. Such phenomena enhances the
toughness of composites [46]. Before debonding the stress transfer to
inclusions depends on their size, shape, surface properties and modulus
of particles as well as on interaction of filler-polymer [35,47,48]. After
debonding mechanical response of a nanocomposite relies on the
properties of a polymer and on complicated pattern of freshly formed
cavities. Depending on the type of filler, other attributes of a composite
can also be affected: thermal resistivity, electrical, barrier properties and
solidification [49].

Mechanisms of cavitation and debonding in crystalline polymers and
their composites with inorganic fillers under uni/biaxial tensile stress,
were subjects of intensive studies in the past [50,51]. Morphology ob-
servations revealed that cavities have sizes in the broad range from
nanometers to micrometers. They can be detected; nanometer cavities
using small-angle X-ray scattering (SAXS) or larger by light scattering
(whitening) [52-54]. Cavitation in semicrystalline polymers is usually
initiated at or around the mechanical yielding; hence, the modification
of polymer morphology by changing melt solidification or using
nano-additives can dramatically change the cavitation [55-57].

A quantitative method to determine stress-induced cavitation is the
measurements of the volume increase during stretching [58-60]. The
volume increase at the moment of initiation of cavitation is relatively
small, which makes it hard to find the accurate onset of cavitation.
However, the SAXS technique is very sensitive to nanosized cavities and
can be used to find the very beginning of cavitation [15,23].

In this article, we investigated nanocomposites of high density
polyethylene (HDPE) with graphene (G) and with reduced graphene
oxide (rGO), deformed at room temperature. These conditions support
cavitation of plain HDPE as it is known from other studies, e.g. Ref. [61].
Graphene (G) and reduced graphene oxide (rGO) are plate-like nano-
materials differing in interfacial tension towards polyethylene. Hence,
one of the aims of the studies will be observing the debonding of
plate-like nano-fillers from HDPE.

2. Experimental section

Materials. High-density polyethylene (Hostalen GC 7260) with a
melt flow index of 8 g/10 min was purchased from LyondellBasell Corp.
Acquired batch of the material was characterized by zero-shear viscosity
of 2500 Pa-s at 150 °C (theometer ARES LS2, TA Instruments). Graphene
nanoplatelets with 99.9% purity and 5 nm thickness and reduced gra-
phene oxide (rGO) with 99.9% purity and 0.5-2 nm thickness were
purchased from Nanografi, Germany. The reduced graphene oxide was
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prepared by deoxygenation of graphene oxide.

Sample Preparation. All the materials were dried for 8 h at 70 °C
under a vacuum before intense melt compounding. A laboratory co-
rotating twin-screw mini-extruder (with a 5 ml cavity) was used to
carry out the melt blending at a constant temperature setting of 180 °C
along the extruder. In order to minimize the nanofiller aggregation, the
HDPE/Graphene and rGO nanocomposites were prepared from mas-
terbatches of HDPE/Graphene and HDPE/rGO containing 1 wt% of
nanoparticles by diluting with neat HDPE. All master batches and
composites were prepared by compounding for 3 min at 60 rpm and
followed for 7 min at 100 rpm. The nanocomposites were prepared with
the following graphene concentrations or rGO: 0.1, 0.3, 0.5, and 1%.
Neat HDPE was treated in the same way. The samples for further studies
were molded at 180 °C for 3min and subsequently cooled in a press with
iced-water jackets and held for 5 min. Such method allowed for prepa-
ration of nanocomposites with finer crystalline morphology compared to
air cooling procedures and, therefore, different cavitation ability.

Mechanical Properties. Tensile drawing of nanocomposites was
performed using Instron-5582 Universal Testing Machine in a load range
of 0-2 kN. At least five specimens shaped according to EN ISO 527-2
with the length of 80 mm, width of 5 mm, thickness of 1.0 + 0.1 mm and
the gauge length of 50 mm were tested at room temperature of 23 °C at
the rate 5%/min. The final results were the average from all 5 samples.
The actual shape and sizes of samples during deformation was recorded
every 0.5 min by Nikon D50 digital camera in order to determine the
local strain and volume strain. The local and volume strains were
determined in the same way as reported in the other researches [55,58,
62] by dots marked along the entire gauge length at 1 mm distance from
each other. The local strain was calculated as a relative change in dis-
tance between the markers while the volume strain for local strains was
determined as the volume increase of the portion of the material be-
tween dots. The sample’s thickness was monitored via a small mirror to
direct the side shape of the sample to the camera. The thickness of the
photographed samples and the distance between markers was used to
determine the volume of the samples. The stretching was stopped at
selected local strains and samples were fixed in a specially designed
frame in order to maintain the strain of a sample for further x-ray
studies.

The Izod impact strength of samples was determined with CEAST
Resil 5.5 apparatus according to ISO 180. The hammer struck notched
specimens with a speed of 3.46 m/s and potential energy of 5.5 J.
Samples having dimensions of 64 mm (length) x 10 mm (width) x 4 mm
(thickness) were shaped by machining from 4 mm thick plates. Notches
were prepared in accordance with ISO 2818 with a manual notch maker
at the middle of their length on the 4 mm thick walls. Izod impact tests
were performed at ambient temperature for a set of five samples for each
material. Izod fracture surfaces were observed in the scanning electron
microscope.

Thermal Properties. 6-9 mg samples were encapsuled in aluminum
pans and examined during heating and cooling at a constant rate of 10
C°/min under nitrogen flow in a DSC apparatus (TA Q20, Thermal
Analysis). Peak melting and peak crystallization temperatures as well as
a degree of crystallinity of nanocomposites and HDPE were determined.
The heat of fusion of HDPE crystals of 293 J/cm? was assumed [63].

Scanning Electron Microscopy. The structure of surfaces uncov-
ered during the Izod impact fracture was studied using SEM JEOL
6010LA (JEOL, Japan) in high-vacuum mode at 20 kV. Surfaces of
samples were coated with a 10 nm gold layer by ion sputtering.

Transmission Electron Microscopy. Transmission electron micro-
scopy (TEM) was performed using a TESLA BS500 electron microscope
operating at 90 kV. Samples, in the form of approx. 60 nm thick sections,
were prepared by cryo-ultrasectioning with an ultramicrotome (Pow-
erTome PC, Boeckeler, USA) with a diamond knife (Diatome,
Switzerland). In the case of HDPE/graphene systems, no staining or any
other chemical treatment was applied to sections prior to observation.

Small-angle x-ray scattering (SAXS). SAXS was used to determine
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structural changes of the samples. A 1.2 m long pin-hole SAXS camera
was aligned to GeniX Xenocs X-ray source (Cu K,, wavelength 0.154 nm,
operating at 50 kV and 1 mA). The scattered radiation was collected by
Pilatus 100 K detector of the 172 x 172 pm? precission (Dectris,
Switzerland) allowing for up to 80 nm resolution of scattering objects.
The tensile samples were stretched on Instron 5582 Machine until
desired local strains were reached and fixed in their stretched state using
specially designed clamps before transferring to the SAXS machine.
Specimens were stretched to 10, 30, 50, 70, 100 and 200% of local
strain. Structural changes of the nanocomposites due to deformation and
detection of nanovoids as well as the beginning of the formation of
nanovoids were sought.

3. Results and discussion

In Fig. 1a and b the SEM micrographs of graphene and reduced
graphene oxide powder are presented. The flat dimensions of grains are
roughly around 1 pm for graphene and 10 pm for reduced graphene
oxide.

Their real dimensions and thickness can be extimated from SEM
micrographs with difficulties. For that purpose we applied small angle x-
ray scattering and determination electron density correlation function.
A one-dimensional correlation function, K(z), is used in order to obtain
detailed information regarding structural parameters such as the
average thickness pertaining to the periodic domain structure [64]. The
scattering vector q is defined as:

q=4nsin(O)/1 (€D)]

while electron density correlation function is defined as:

()= / 1(g)cos(zq)dg / / 1(g)dg @

where I(q) is the x-ray scattered intensity, 4 is the x-ray wavelength, © is
the scattering angle while z represents distance/dimension in real space.
K(z) is derived from the Fourier transformation of the overall SAXS
curve according to eq. (2). This theoretical treatment when applied for
the lamellae stacks (as graphene multilayers) requires that the K(z) be
based on unoriented samples, where the lamellae structure is isotropi-
cally distributed. From the general principles of diffraction theory it
follows that the Fourier transformation of the SAXS data (eq. (2)) de-
scribes the distribution of the scattered x-ray intensity in reciprocal
space and leads to a measurement of real space features due to convo-
luted staggering of the electron density variations arising from each
diffracting object. The integration range is usually limited from q cor-
responding to the resolution of the SAXS equipment (80 nm in our case)
to the value of 4x/A.
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The SAXS scattering images and respective electron density corre-
lation functions are depicted in Fig. 2a and b. The 2D SAXS images are
isotropic indicating that the powder samples prepared by soft squizing
have no anisotropy and the Porod’s approach can be applied. The
characteristic dimensions were determined from the shapes of correla-
tion functions and are also marked on the plots in Fig. 2a and b. These
dimensions can be ascribed to the thickness of graphene and graphene
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Fig. 2. Electron density correlation functions for powder form of graphene a.)
and reduced graphene oxide b.). Original SAXS patterns are placed in the corner
of the plots. Characteristic dimensions determined from correlation functions
are depicted on the plots. Integration according to eq. (2) beyond the resolution
of the SAXS equipment (80 nm) is often regarded as a prediction.

Fig. 1. SEM micrograph of graphene nanoparticles. a.) graphene and b.) reduced graphene oxide.
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oxide layers: the average thickness of the platelets is around 7 nm for
graphene and 12 nm for reduced graphene oxide, while the lateral di-
mensions were determined from SEM micrographs from Fig. 1 to be 1
pm and 10 pm for graphene and graphene oxide, respectively. These
numbers are significantly different than those claimed by the producer:
graphene 5 nm thick and graphene oxide 0.5-2 nm thick. However, it
must be remembered that correlation function from SAXS patterns de-
livers the average value with preference for larger objects, because the
scattering intensity depends on the volume of scattering objects. Even a
precise direct measurements of graphene layer thickness by AFM is
subjected to many restrictions [65]. A graphene monolayer can be
considered as having the thickness of only one carbon atom. Its van der
Waals radius is 0.170 nm [66] so, graphene and rGO platelets used here
are much thicker.

Crystallization of HDPE/graphene nanocomposites was followed by
detecting heat flow in DSC apparatus during cooling. The recorded
exotherms are presented in Fig. 3. It is evident that graphene platelets
influence the crystallization of HDPE. The action of platelets is accel-
eration of nucleation which resulted in a shift of crystallization onset
and crystallization peak toward higher temperature as the concentration
of graphene increases and as it is evidenced in Table 1.

Subsequent melting is giving the information on lamellar crystal
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Fig. 3. Exotherms of solidification of a.) HDPE/G and b.) HDPE/rGO nano-
composites during cooling from the melt with the rate of 10 deg/min.
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Table 1
Nonisothermal crystallization of HDPE and HDPE + G nanocomposites from
melt, cooling from 190 °C with the rate 10 deg/min.

Sample Crystallization onset [°C] Crystallization peak [°C]
HDPE 121.5 117.7
HDPE+0.1% G 123.3 119.1
HDPE+0.3% G 123.6 119.3
HDPE+0.5% G 123.7 119.4
HDPE+1.0% G 124.2 120.0

thickness when applying Gibbs-Thompson approach. In principle, the
melting data can be converted to the crystal thickness. The Gibbs—-
Thomson equation exhibits the depression of the melting temperature of
crystals caused by the domination of surface energy over volume energy
[67]:

T,(l) = T°[1 — 26, / Ahl] 3)
or
20,T°
= ©)]
Ah(Tg —T,)

where o, is the basal surface free energy, and Ah is the heat of melting
[68]. This form of Gibbs-Thomson equation is derived based on the
assumption that the lateral size of lamellae is much larger than their
thickness so, the basal planes of lamellae are of importance. For an
infinitely thick crystals the formula yields the value of equilibrium
melting temperature, Tp,° [69-72]. On the other hand the DSC melting
data can be used to determine the crystal thickness based on the melting
temperature. Routinely, a crystal thickness is determined based on eq.
(5) substituting the measured peak melting temperature, Tp,. The ob-
tained value is regarded as the average thickness being a coarse but
usuful approximation. The average thickness calculated in this way for
the studied polyethylene and nanocomposites were for example: HDPE
and HDPE+1% G: I’ = 22.9 nm and 25.3 nm, respectively. However,
since the melting occurs over a range of temperature the determination
of proper thicknesses requires more refined method. The transformation
of DSC melting heat flow (melting enthalpy spreading) to the distribu-
tion of crystal thickness, G(1), was derived first by Crist and Mirabella
[73] as:

G(l)=KP(T)(T%, - T)°

5)
where K is the normalization constant and P(T) is the DSC melting
enthalpy flow.

From Fig. 4 it is evident that the peak of the thickness distribution
(around 18-19 nm for all HDPE/G nanocomposites) is significantly
lower than the mean crystal thickness determined from DSC peak tem-
perature of crystallization (between 22.9 and 25.3 nm). It is also seen
that a shoulder on the right arm of the distribution curve develops for
nanocomposites with the increasing content of G indicating the
appearance of HDPE lamellar crystals with larger thickness. It is
apparently connected with the onset of crystallization at higher tem-
perature for G containing composites as outlined in Fig. 3a and Table 1.
Those crystals were nucleated at higher temperature during cooling,
hence, were growing for longer time and at slightly higher temperature.

In contrast, the nanocomposites containing rGO do show similar
onset of crystallization during cooling and the solidification exotherms
are very similar for HDPE and all HDPE + rGO nanocomposites studied
(see Fig. 3b). In Fig. 5 the HDPE crystal thickness distribution in 1.0 wt%
of rGO nanocomposite is compared with crystals in plain HDPE. Both
distributions are very similar indicating very weak nucleating aptitude
of rGO towards crystallization of HDPE.

The stress-strain plots in Fig. 6a and b illustrate deformation
behavior of all HDPE + G and HDPE + rGO materials with tensile
yielding, necking and further plastic flow. The yielding stress is the
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Fig. 4. Distributions of lamellar crystal thickness of HDPE + G nano-
composites. The following data for polyethylene crystals were assumed in cal-
culations: 6, = 9*107° J/cm? [74], Ah¢ = 293 J/em? [75], Ty, = 145.1 °C [72].
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Fig. 5. Distribution of lamellar crystal thickness of HDPE+1.0 wt% reduced
graphene oxide nanocomposite. Crystal thickness distribution for plain HDPE is
also depicted. The following data for polyethylene crystals were assumed in
calculations: 6. = 9*107° J/em? [74], Ahf = 293 J/em® [75], Tn® =
145.1 °C [72].

lowest for plain HDPE, increases with addition of 0.1% of graphene
nanofiller and slowly increases with further increase of nanofiller
concentration.

The yield stress increase for low content of graphene is connected
with concentration of stresses around filler platelets, especiatty those
oriented along the drawing direction. However, the yield stress increase
with increasing concentration of G is not monotonic and varies from
sample to sample. The reason is high sensitivity of the necking to heat
generation during plastic drawing, especially just beyond the yield. It is
explained in more details based on Fig. 7 where the isothermal condition
was enforced by air flow. When the graphene content increased up to
1.0%, the yield stresses are maintained at the level of ~22 MPa. The
reason is due to the overlapping the stress concentration zones around
graphenes platelets as they become closer at higher concentrations. At
stress concentration zones the yielding becomes easier, at lower applied
stress. However, the increase in the crystal thickness due to nucleating
activity of graphene causes the yield stress to increase and it must also be
accounted.

Polymer 232 (2021) 124158

25
—— HDPE
—— HDPE+0.1% G
—— HDPE+0.3% G
20 —— HDPE+0.5% G
T HDPE+1.0% G
o
=3
»
B 151
L
o
'_
w
5 10 -
(2]
P4
Ll
'_
5 -
a
0 : : :
0.0 05 1.0 1.5 2.0
TENSILE STRAIN
25
—— HDPE
—— HDPE#0.1% rGO
—— HDPE+0.3% rGO
20 —— HDPE+#0.5% rGO
o —— HDPE+#1.0% rGO
o
=
(]
0 15 4
w
o
%
—
W10 +
7]
=z
w
[
5 -
0 ‘ ‘ ‘

0.0 0.5 1.0 15 2.0
TENSILE STRAIN
Fig. 6. Exemplary engineering stress-strain plots of HDPE + G (a) and HDPE +

rGO (b) nanocomposites. Tensile deformation rate 5%/min at 23 °C. Concen-
tration of nanoparticles are given in the legend on the graphs.

25
20
©
o
=3
[)]
» 15
[1N)
4
e
[2]
4 104
0
Z
Ll
s
5
0 T T T T T
0 1 2 3 4 5 6
STRAIN

Fig. 7. Exemplary tensile drawing of HDPE + rGO at concentration of 0.5% at
nearly isothermal condition enforced by air flow at room temperature.
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The yield stress of nanocomposites with reduced graphene oxide
behaves differently: it is nearly at the level of plain HDPE independent of
rGO concentration. The platelets of rGO are significantly less numerous
than the platelets of graphene as it follows from the material charac-
teristics and also from the estimation of average number of graphene or
rGO layers in platelets as determined by SAXS and described in Fig. 2a
and b. At the same weight concentration the number of rGO platelets are
several times lower than the number of graphene platelets. In addition
rGO platelets do not induce accelerated crystallization of HDPE.

During drawing the flow stress beyond the yield fluctuates when the
region of intense plastic deformation transfers from one end to another
in the neck zone. It is a complicated interplay with strengthening due to
orientation and local heat generation during drawing. As a result the
intense plastic deformation zone changes its position, both ends of the
neck are deformed or even another neck is formed at the gauge section of
a sample. Environmental chamber of tensile testing equipments usually
does not ensure full isothermal condition because of sample thickness (1
mm thick) and its low thermal conductivity (0.2-0.3 W/m/K). The role
of heat subtraction is illustrated in Fig. 7 where the tensile drawing of
exemplary nanocomposite of HDPE+0.5% of reduced graphnene oxide
is presented in nearly isothermal condition. The isothermal condition
was enforced by air blowing with the fan at the same room temperature.

It is known from our earlier studies [23,59,61] that tensile drawing
of unmodified HDPE involves a significant volume increase (up to 40%),
resulting from cavities originated in the amorphous layers between
lamellae. Modification of the material by adding nanofiller increases the
intensity of cavitation causing an additional volume strain. Such effect is
documented in Fig. 8a and b where the volume strain during stretching
of HDPE + Graphene and HDPE + rGO nanocomposites are presented.
The volume strain amplifies with an increase in nanoparticle content.
The samples with higher content of nanoparticles show volume increase
up to 60%.

Nanofiller plattlets form stress concentration spots, which can
facilitate the formation of additional cavities. Modification of graphene
platelets by oxidation followed by reduction does not significantly
changes the resulting maximum volume strain, all are slightly below
60%.

Nonhomogeneous deformation observed in plastic flow caused by
interplay between strain hardening and softening due to heat genera-
tion: resulting volume strain strongly fluctuates. The volume strain data
presented in Fig. 8a and b are in the vast part based on measurements of
the width, thickness and local strain of those fragment of a sample being
nonhomogeneously deformed. Nonetheless, volume strain is undoubt-
edly increasing with increasing local strain and it is also increasing
significantly with increasing concentration of graphene and also with
increasing concentration of rGO.

Mechanical properties and the course of tensile deformation of
nanocomposites are affected by the properties of a polymer and
debonding of polymer materials from nanofillers. The yield stress of a
neat polymer is always more considerable for samples with thicker
crystals. In composites and nanocomposites the yield stress changes
depending on filler or nanofiller effect on mechanical properties that can
be either toughening or strengthening. Impact deformation of such
materials is directly related to toughening or strengthening effects of
nanofiller. Izod impact strength data for nanocomposites of HDPE with
G and rGO are collected in Table 2.

It is evident from Table 2 that both nanofillers have moderate
negative effect on impact strength of HDPE nanocomposites. The in-
crease of nano-particle content leads to more defects in the structure
leading to approx. 20% decrease of Izod Impact strength. The reason of
the decrease can be detected in SEM images of fracture surfaces in
Fig. 9a, b and c.

Whereas the fracture in plain HDPE is rather brittle (see Fig. 9c),
without significant plastic deformation at the surface of cracking path,
the fracture of nanocomposites containing G and rGO is completely
different (Fig. 9a and b). Evidently the fracture is initiated ahead of
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Fig. 8. Volume strain of HDPE + G (a) and HDPE + rGO (b) resulting from
tensile deformation. Samples prepared and deformed as shown in Fig. 6a and b.

Table 2
Izod impact properties of nanocomposite samples.

HDPE + G
Izod Impact Strenght J/m?

Concentration % HDPE + rGO

Izod Impact Strenght J/m?

0.0 24.3+0.8 24.3+0.8
0.1 24.1 £0.9 245+ 0.8
0.3 19.6 £ 1.2 21.1+£0.9
0.5 18.1 £0.9 191 +£1.3
1.0 20.1 £0.7 18.8 £ 0.9

traveling crack, in the bulk of the sample, by debonding of a polymer
from platelets of graphene and rGO. The voids become the centers
around which fracture emanate radially. Examination of images in
Fig. 9a and b indicates also that in the centers of each ring there are G or
rGO particle lying flat. As the result of debonding many deformation
rings, flat and expanding, participate in the fracture.

There is a difference in the course of fracture close to the notch for G
and rGO nanocomposites: for G nanocomposites the deforming rings
close to the notch do not have evidently possibilities to develop large
symmetric ring because the fracture speed is the highest at the begin-
ning, hence they assume hyperbolic structures directed towards the di-
rection of crack propagation (see Fig. 10a). The fracture of rGO
nanocomposites undergoes differently at the zone close to notch: the
deforming rings apparently have the possibility to develop fully into
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Fig. 9. SEM micrographs of fracture surfaces, focused at some distance from
the notch in Izod impact tests: a) HDPE+0.1% G, b) HDPE+0.1% rGO, c)
plain HDPE.

circular structures and even impinging with neighbours (Fig. 10b).
Farther from the notch the impact fracture of both nanocomposites
undergoes with lower rate and with well developed rings, as demon-
strated in Fig. 9a and b, all rings are originating from centrally lying
nanoplatlets in the plane of fracture. The deformation rings have no
correlation with HDPE spherulitic structure, HDPE spherulites having
from 40 to 60 pm in diameter independent of nanofiller type and con-
centration while the rings sizes depend on the position with respect to
notch and regardless of the type of nanofiller.

Fig. 10. SEM images of the fracture paths just below the notch, HDPE+0.3% G
(a) and HDPE+0.1% rGO (b). Notches are right at the top of images.

The platelets of nanofillers are dispersed in HDPE in a way that no
vacancies are between platelets and polymer bulk. The illustration of
lack of vacancies are presented in Fig. 11 where the TEM image of a G
platelet is surrounded by the polymer bulk. Although the platelet is
large, tilted and folded no vacancies can be distinguished in the image.

The modification of usual cavitation accompanying tensile drawing
by graphene nanoplatelets was undertaken by in-situ SAXS measure-
ments. Due to larger difference in the electron density X-ray scattering is
much stronger from cavities than from the crystal-amorphous elements
of the material. Therefore SAXS is a handy tool for elucidation of cavi-
tation of a material. Fig. 12 presents schematic evolution of the SAXS
patterns with increasing strain.

SAXS patterns are composed of the scattering from internal structure
of a polymer, in the case of HDPE it is scattering from lamellar packing
with the characterising dimension being a thickness of lamellae with
adhering amorphous layer. It is usually called “long period” and it is
related to the electron density difference between HDPE crystals (1.0
g/cmB) and HDPE amorphous phase (~0.855 g/crn3). In the case of
HDPE used in this study the “long period” scattering is situated at outher
ring at a scattering angle corresponding roughly to 30-35 nm. The
center of SAXS image for undeformed HDPE is occupied with the beam
stop only. For nanocomposites there is a low intensity scattering from G
or rGO platelets because of their low concentrations and it is located
inside the “long period” outer ring because of their large lateral sizes. As
we apply tensile deformation until yielding and beyond, either to HDPE
or its nanocomposites, drastic changes occur to SAXS patterns. The outer
ring deforms because crystalline lamellae deform and assume enforced
orientation while in the inner part of SAXS pattern an intense scattering
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Fig. 11. Exemplary TEM micrograph of ultrathin cryo-section of HDPE+1.0%
of graphene nanocomposite. Extensive tilted and folded G layer in the HDPE
matrix tightly surrounded by HDPE is seen.
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Fig. 12. Schematic evolution of SAXS pattern during tensile deformation of the
HDPE -+ graphene sample. Deformation direction vertical.

appear. It is evidently the scattering by objects with very high electron
density difference. We identified them as cavities that appear as the
result of tensile deformation. The intensity of scattering is illustrated in
Fig. 13 where the © scans in the direction perpendicular to tensile di-
rection of SAXS images are presented for HDPE+1% G sample deformed
to 0.1 and to 0.7 local strain.

The scattering from lamellae packing is visible at S2 ~ 0.005 for the
sample deformed before the yield and no cavities are recorded yet
whereas for the sample deformed to local strain of 0.7 a strong scattering
from cavities is apparent at low values of $2 which correspond to large
scattering objects. The scattering from lamellae packing has moved to
higher values of $? indicating its deformation. The characteristic
parameter of lamellae packing, long period (LP), is determined from the
position of peak intensity from one-dimensional sections (background
and Lorentz corrected) of 2-D patterns using Bragg’s law: LP = /2 sin 6.
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Fig. 13. Exemplary O scans perpendicular to tensile direction of SAXS images
for HDPE+1% G deformed to 0.1 and 0.7 of local strain presented in Guinier
representation of 152 vs. S2. S is the scattering vector equal to sin(26)/1 where
@ is the scattering angle and 4 is the x-ray wavelength while I is the intensity
of scattering.

In Fig. 14a (HDPE + G) and 14b (HDPE + rGO) a series of SAXS
patterns for increasing local deformation for HDPE nanocomposites are
presented.

The inner fragment of SAXS patterns indicate an intense cavitation in
all nanocomposites studied and also in plain HDPE. In the plain HDPE
cavitation is absent at local strain of 10%, i.e. before reaching the me-
chanical yield, however, in nanocomposites at higher concentration of
graphene and rGO cavitation is detected even before the yield (increased
x-ray scattering seen in SAXS images around and close to the beam stop
for 10% of local strain). As the local strain increases the cavitation in-
tensity strongly increases.

The sizes of cavities are above the “long period” values because the x-
ray scattering from voids falls at lower angles than for “long period”.
One of the ways to determine their sizes is using Gunier approach. Ac-
cording to Guinier approximation [76], if N groups of voids with
different sizes exist in material, the intensity of scattering, I, is described
by equation (6):

N 2 p2
I:KZviexp(—hTR‘) 6)

where K is a constant, v;is the volume of voids in the ith group, R;is the
radius of gyration, and h is the scattering vector. We used earlier that
approach for the determination of fraction of cavities in various systems
[62,77]. With our SAXS installation the upper resolution is approxi-
mately 80 nm, limiting by the beam stop and beam divergence. Also here
the application of the Guinier approach gives us the fractions of cavity
pores in the range from 25 to 80 nm with the majority of cavitation pores
closer to 80 nm than to 25 nm. However, there are also many larger
pores that scatter light (370-800 nm) and make the material whitened.
There is evident lack of cavities smaller than 25 nm. Such cavities are
created during drawing, however, they close themselves at early stages
very probably due to the surface tension. The estimation of closing
pressure is based on the formula in which the pressure is reciprocally
proportional to the radius of a pore [22]:

p=-21,/r 7

where 7 is the surface tension and r is the size of a pore. For HDPE the
surface tension at room temperature can be assumed at the level of 35
mN/m [78] while the stress during plastic flow of HDPE is at the level of
10 MPa (see Fig. 6a and b). The pressure exerted by tensile stress is 10
MPa/3 = 3.3 MPa. Hence the radius of stable pores should be larger than
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Fig. 14. SAXS patterns for HDPE + graphene nanocomposites (a), HDPE + rGO nanocomposites (b) and plain HDPE (c) at indicated local strains are shown.

Deformation direction vertical.

2*%(35 mN/m)/3.3 MPa ~ 21 nm. In fact smaller pores are not observed
in in-situ SAXS experiments.

As the local strain is increased the cavities reorient and assume
elongated shapes. It is seen in SAXS patterns in Fig. 12 as rhomboidal
form in their centers.

4. Conclusions

HDPE polymer tightly embraces graphene nanoplatelets as it follows
from TEM observation of ultrathin section of graphene and rGO nano-
composites. Graphene platelets nucleate crystallization of HDPE while
reduced graphene oxide does not. The onset of nonisothermal crystal-
lization is the 2-3 deg higher for HDPE + graphene nanocomposites
which results in a fraction of thicker HDPE crystals, becoming even
thicker for higher concentration of graphene. A slight increase in the
yield stress in graphene nanocomposites is observed. No such effect is
seen for rGO nanocomposites.

Plastic flow during tensile drawing is subjected to fluctuation: the
zone of intense deformation in the neck is migrating from one end of a
neck to another which causes fluctuations on the stress. The reason is the

interplay of strengthening by orientation and softening by heat gener-
ated during plastic deformation. Such effects disappear when the
drawing is performed in more isothermal conditions.

Fracture in Izod impact strength measurement of nanocomposites
occurs by debonding of HDPE from graphene or rGO and by fast radial
spreading of fracture from debonded particles. The radial zones are
freely spreading until impingement with neighbors when the travel of
crack tip is slower, farther from the notch.

In tensile drawing of nanocomposites the debonding occurs even
before the yielding is reached. The debonded nanoplateletes are the
source of intense cavitation. The number of cavities in nanocomposites
is higher for higher concentration of nanoplatelets. The sizes of cavita-
tion pores are above 25 nm as it is judged from SAXS experiments. All
smaller pores were healed by surface tension. In contrary, whitening of
nanocomposites indicates that cavitational pores can reach the size of
the light wavelength. Finally, there is only a small difference between
graphene and rGO nanocomposites in the nucleation of crystallization of
HDPE.
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