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Abstract—The influence of cold rolling on the mechanical characteristics of polypropylene saturated with
particles consisting of three to five monolayers of graphene (the degree of filling of 0.2–3.5 wt %) is studied.
The nanocomposites are obtained by in situ filling, i.e., synthesis of the polypropylene matrix on the parti-
cles, thus allowing more uniform distribution of the filler throughout the bulk of the matrices. The filling
makes it possible to increase the Young modulus of the material. A certain fraction of particles assemble to
form agglomerates, and another fraction of particles are uniformly distributed in the matrix. The agglomer-
ates already lead to the embrittlement of unrolled polypropylene at a degree of filling of 0.2 wt %. Cold rolling
suppresses the brittle behavior of the composite irrespective of the method of reduction of the particles of
graphite oxide (chemical or thermal reduction). As a result of preliminary cold rolling, the elongation at break
and strength of filled polypropylene sharply increase (depending on the degree of cold rolling and concentra-
tion of the filler, the elongation at break increases 50- to 100-fold, and the strength increases 1.5- to 2.0-fold).
In the initial material, the agglomerates initiate the appearance of local f luidity microzones where rhombo-
hedral microcracks fracturing the composite are conceived. No microzones appear at a degree of cold rolling
Λ = 1.25, while no neck is observed either at Λ = 1.9. After cold rolling to a value of Λ = 1.25, pore formation
upon further stretching disappears.
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INTRODUCTION
Increased interest has been aroused by the creation

of polymer composite materials reinforced by a nano-
sized lamellar filler in recent years. The relatively low
concentration of such a filler makes it possible to sub-
stantially increase the Young modulus, thermal con-
ductivity, electric conductivity, and other characteris-
tics of polymers.

Graphene-like particles are a promising reinforc-
ing filler for polymer matrices owing to their lamellar
shape, electrical conductivity, high strength, and a rel-
atively low cost. A graphene-like filler is generally
obtained by the reduction of graphite oxide, which in
turn is obtained by the oxidation of a graphite powder
by potassium permanganate in concentrated sulfuric
acid in the presence of sodium nitrate (by the Hum-
mers method) [1–4]. When placed in a preheated
oven, graphite oxide explodes to form plates consisting
of several (one to ten) monolayers [5, 6]. Sometimes,
graphite oxide particles are chemically reduced.

Nanocomposites are synthesized by in situ filling,
i.e., synthesis of the polypropylene matrix on
graphene-like particles [7, 8], which makes it possible

to more uniformly distribute the filler throughout the
bulk of the matrix when compared to mechanical mix-
ing in a melt. The main disadvantage of filled poly-
mers is the brittleness under stretching and bending
[9–12]. At low degrees of filling, composites based on
plastic polymers behave as the unfilled matrix, but
they generally become brittle in the case of an increase
in the concentration of the filler.

This work does not consider composites based on
brittle polymers, in which particles and short fibers
increase the fracture toughness. The increase in the
brittleness of filled thermoplastic matrices has two
main causes, namely, the formation of a neck in the
polymer under stretching and initiation of cracks by
large particles [13–15]. If small microparticles are
used, the formation of the neck can be named the
main reason for the embrittlement of the composite.
The strain in the neck depends on the type of polymer;
its value is 300–800%. The fracture of the composite
is determined by reaching the fracture strain in the
neck, outside which the strain does not exceed 10–
15%. [13]. The length of the zone of plastic deforma-
tion is short, and because of this, the macroscopic
(mean) fracture strain is small despite the local plas-
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ticity in the neck being formed. Such a behavior is
called quasi-brittle. On the other hand, composites
based on the polymers that become deformed without
a neck are generally not embrittled [13]. They become
uniformly elongated until the fracture strain is
reached. This strain can be severalfold lower when
compared to the initial polymer matrix, but the com-
posite nevertheless remains plastic. For example, rub-
ber and ultra-high-molecular-weight PE are not
embrittled to the degree of filling of 60 vol % [16, 17].
In this case, the critical degree of filling upon the tran-
sition to the brittle behavior is determined by several
factors, the most important of which is the strain
strengthening of the matrix [18, 19].

The second reason for the brittle behavior of a
composite consists in the presence of large particles
that initiate the appearance of pores transforming to
microcracks. The exfoliation of large particles and
appearance of oval pores that are transformed to
rhomboidal microcracks with the increase in the strain
was observed in composite materials based on partially
crystalline thermoplastics (HDPE, LDPE, PP) [13].
The transformation of an oval pore to a microcrack
occurs upon reaching the critical opening of the pore,
which is a characteristic of the material. The critical
size of the particles near which a rhomboidal microc-
rack is formed is determined by the crack resistance of
the matrix polymer and strain ratio λ [14, 15]:

(1)

where GIc is the fracture toughness of the polymer and
σym is the yield point of the polymer. The critical size
of the particles decreases upon an increase in the strain
ratio λ. If λ is lower than the strain ratio in the neck,
the neck being formed undergoes fracture. The frac-
ture is determined by reaching the critical elongation,
at which the growth of defects starts. The influence of
the filler on the fracture toughness of filled composites
was studied by the authors of [20–23].

Orientation suppressing the formation of a neck
can be called an effective method of increasing the
plasticity of polymers [24, 25]. Cold rolling of a poly-
mer film between two rollers is one of the orientation
methods [26–34]. It turned out to be possible to sup-
press the brittle fracture of polyethylene filled with
rubber particles by cold rolling [20]. Biaxial orienta-
tion made it possible to suppress the brittle fracture of
PP and poly(butylene succinate) filled with rigid
nanoparticles [35, 36].

The influence of cold rolling on the behavior of the
polymers reinforced by lamellar nanofillers was not
studied earlier.

The aim of this work is to study the influence of
cold rolling on the mechanical properties of PP filled
with graphene-like nanoplates and mainly on the
stress–strain characteristics and structure of the com-
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posites. It is important that the utilized PP was distin-
guished by increased rigidity and propensity to brittle
fracture owing to the characteristic features of the
polymer obtained over metallocene catalysts [37].

OBJECTS AND METHODS OF STUDY

Composites based on isotactic PP filled with
graphene-like nanoplates synthesized by the thermal
or chemical reduction of graphite oxide were studied.
Graphite oxide was obtained according to the modi-
fied Hummers method via the oxidation of a graphite
powder by potassium permanganate KMnO4 in con-
centrated H2SO4. The thermal reduction of graphite
oxide was performed in an argon f low in an oven pre-
heated to 900°C, where the particles exploded to form
many flat particles (TRG). In the case of chemical
reduction, an aqueous suspension of graphite oxide
was treated by ultrasound in the presence of hydrazine
hydrate at 70°C and then in an argon flow at 900°C for
1 h (CRG). The C : O ratio was 42.6 and 44.9 after the
thermal and chemical reduction of graphite oxide,
respectively. The BET specific surface area was 620
and 510 m2/g for thermally and chemically reduced
graphene, respectively [3]. The numerals at the abbre-
viations TRG and CRG describe the weight fraction
of the particles.

The X-ray phase analysis of the powders was con-
ducted on an ADP-1 diffractometer. The interlaminar
distance was determined by the Wulff–Bragg formula

Here, λ = 0.154 nm is the wavelength of CuKα radi-
ation and 2θ is the diffraction angle. The sizes of the
crystallites along the c axis were found by the formula

where β002 is the angular half-width of the line in radi-
ans. A peak at a scattering angle 2θ = 26.6° is observed
in the X-ray diffraction pattern of natural graphite,
which corresponds to an interlaminar distance d =
0.335 nm. In oxidized graphite, the peak shifts to a
region of smaller angles (10.8°), which corresponds to
d = 0.822 nm. The increase in the interlaminar dis-
tance occurs owing to the intercalation of water mole-
cules and formation of oxygen-containing functional
groups between the graphite layers [38, 39]. A wide
peak is seen in the X-ray diffraction patterns at 19.1°
(d = 0.473 nm) and 18.8° (d = 0.466 nm) for chemi-
cally and thermally reduced particles, respectively.
The disappearance of the peak of graphite oxide and
the appearance of wide peaks in the region of large
angles indicate the production of graphene-like mate-
rials. The values of Lс = 1.127 and 1.003 nm were cal-

= λ θ002 /2sin .d

= λ β θ002 0.94 / cos ,cL
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culated for the chemically and thermally reduced par-
ticles, respectively. This corresponds to three to five
monolayers at the interlaminar distance of graphite
plates of 0.335 nm.

The synthesis of PP and composite materials was
carried out on graphene-like particles in the bulk of
liquid propylene in the presence of a catalyst system
based on ansa-zirconocene rac-Me2Si(2-Me-
4PhInd)2ZrCl2 activated by methylaluminoxane [40,
41]. The filler particles were preliminarily treated in a
medium of toluene, followed by ultrasound treatment
in the presence of methylaluminoxane for 20 min. The
polymerization was conducted at 60°С and a pressure
of about 2.5 MPa in a reactor with a stirrer. The
obtained PP was isotactic and had a high degree of
crystallinity of ∼62% and M = 600–700 × 103. The
degree of filling was controlled by changing the
amount of the filler, time of polymerization, and con-
centration of the catalyst [40, 41].

Films with a thickness of 300 µm were pressed at
190°С and a pressure of 10 MPa, after which they were
cooled at a rate of 15 K/min (films with a thickness of
100–200 µm were used in individual experiments).
The films were rolled on laboratory rollers at room
temperature between two rollers rotating at the same
speed. As a result of cold rolling, the length of the sam-
ples increased, the thickness decreased, and the width
remained unchanged. The degree of cold rolling Λ was
estimated as the ratio of the initial thickness d0 to the
thickness of the rolled film d: Λ = d0/d. The value of Λ
was varied from 1.1 to 2.0 by changing the width of the
gap between the rollers.

Samples in the form of a two-sided blade with the
width and length of the working part of 6 × 20 mm,
respectively, were cut out from the films along the
direction of cold rolling. The samples had the dimen-
sions of 4 × 6 mm in some experiments. The stretching
was performed under ambient conditions on an
Instron 430 universal testing machine at a speed of
5 mm/min.

The composite materials were studied on a JSM-
5300LV (Jeol) scanning electron microscope (SEM)
and a LEO-912AB transmission electron microscope.
The low-temperature chippings of the samples cooled
in liquid nitrogen and split along their axis were
observed under the scanning electron microscope.
Ultrathin sections with a thickness of 50 nm for the
transmission electron microscope were prepared on a
microtome.

The thermophysical properties of the materials
were determined by DSC on a TA-4000 thermal ana-
lyzer (Mettler) with a DSC-30 low-temperature cell.
The rate of heating was 10 K/min. Samples with a
weight of 0.5–2.0 mg were used. The degree of crystal-
linity of polypropylene was calculated by the formula

∆χ = ×
∆ 100%

100%.H
H

Here, ∆H is the experimentally obtained heat of melt-
ing of PP and ∆H100% = 165 J/g is the heat of melting
of an ideal crystal of PP [25].

The structure of isotactic PP and composites based
on it were studied by small-angle X-ray scattering on
the DIKSI unit at the Kurchatov Complex for Syn-
chrotron and Neutron Investigations. The wavelength
of X-ray radiation was 0.162 nm. The distance between
the sample and a Dectris Pilatus3R 1M detector was
2.4 m, and the time of exposition of the samples was
180–300 s. Silver behenate was used as the reference
sample. The size of a pixel in the scattering pattern was
172 µm. To obtain the distribution of the intensity of
scattering of X-rays depending on the value of the
scattering vector, the Fit 2d program was used. The
amplitude of the scattering vector q was calculated as

where 2θ is the scattering angle and λ = 0.162 nm is the
wavelength of X-ray radiation. The distributions were
normalized to the intensity of the primary beam,
absorption, exposition, and thickness of the sample.
The value of the long period was found from the scat-
tering curves: L = 2π/qmax (qmax corresponds to the
maximum of the curve).

The radius of gyration of the graphene-like parti-
cles in the composites was calculated on the basis of
the Guinier formula [42]

Here, I is the intensity of scattering and Rg is the radius
of gyration of the particles. Rg of the particles was
determined by the initial inclination of the curves of
small-angle scattering in ln I–q2 coordinates.

RESULTS AND DISCUSSION
Microstructure of the Composites. Mainly, the struc-

ture of the composites filled with thermally reduced
graphene was studied in this work. Figure 1 shows a
thin section of a rolled PP–3.3% TRG composite
under a transmission electron microscope. The filler is
nonuniformly distributed in the polymer, and zones
with an excess of the matrix are seen. The plates of the
filler are bent, and their typical length is ∼100 nm. The
oblong shape of the plates provides the reinforcement
of the polymer. No pores are observed, and the parti-
cles are predominantly vertically orientated in the
direction of the axis of cold rolling.

Small-Angle X-Ray Patterns
Figure 2 presents the distributions of the intensity

of small-angle X-ray scattering by polypropylene
(curve 1) and unrolled composites based on it
(curves 2, 3). The curves are normalized to the
absorption and thickness of the sample. A maximum
at q = 0.49 nm−1 is seen in small angles in unfilled PP.

= π θ λ4 sin / ,q

= 2 2ln const – /3.gI q R
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The long period is calculated by the formula L =
2π/qmax and is 13 nm, which is interpreted as the dis-
tance between the centers of the lamellae. The com-

posites scatter X-rays in the region of small angles by
about an order of magnitude more intensely when
compared to unfilled PP. This is determined by the
significant difference in the density of graphene and
polypropylene. The value of the radius of gyration of
the particles of graphene determined from the curves
of small-angle scattering is 38 nm.

Thermophysical Properties of Unfilled PP

Isotactic PP obtained over metallocene catalysts is
a partially crystalline polymer in a monoclinic
α-form. Table 1 presents the thermophysical charac-
teristics of the initial and rolled filler-free PP. Cold
rolling does not change the glass transition tempera-
ture or the degree of crystallinity of the polymer. The
degree of crystallinity of the polymer is ∼62%. The
glass transition temperature of PP is 5°С. According to
the data obtained earlier by atomic force microscopy,
PP has a spherulitic structure with the size of the
spherulites of 3–5 µm.

Fig. 1. Microtome section of a rolled PP–3.3% TRG composite under a transmission electron microscope; the degree of cold
rolling Λ = 2.K

1.31 нм

1.70 нм

100 nm

Fig. 2. Dependence of the intensity of small-angle X-ray
scattering on the amplitude of the scattering vector q for (1)
unrolled PP and (2, 3) composites based on it with the con-
centration of the particles of TRG of (2) 0.2 and (3) 3.3 wt %.
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Mechanical Properties of Unfilled PP

The stress–strain curves of unfilled PP with differ-
ent degrees of cold rolling Λ are shown in Fig. 3. The
unrolled polymer (curve 1) undergoes deformation
with the formation of a neck, and a characteristic yield
drop is observed on the diagram. The formation of the
neck started from the appearance of a shear band at
the yield stress. The polymer in the shear band and
neck became turbid as a result of formation of micro-
pores.

Unoriented PP underwent fracture soon after the
propagation of the neck along the entire working part
of the sample, and the fracture strain was close to the
strain in the neck. It is known that polymers with
unexpressed strain strengthening are embrittled at very
low degrees of filling [11, 12].

A neck was also formed in the samples at low
degrees of cold rolling (Λ = 1.25–1.50), but the transi-
tion to it was diffused rather than sharp as in the initial
PP. The strain ratio in the neck and difference between
the upper and lower yield points (the height of the
yield drop) decreased as a result of cold rolling. At the

2

degrees of cold rolling Λ = 1.2–1.5, the main elonga-
tion was no longer in the neck but at the stage of strain
strengthening. No neck appeared at Λ = 1.9, and the
stress monotonically increased with the strain. The
rolled samples remained transparent up to the strain of
500–700%, which indicates the absence of micropo-
res. Here, the inclination of the final section of the
stress–strain curves increased, i.e., the strain
strengthening of the polymer intensified as a result of
its molecular orientation.

The dependence of the strain ratio in the neck λn
on the degree of cold rolling Λ is presented in Fig. 4. It
is seen that λn sharply decreases with the growth in Λ.
For example, λn = 6.5 for the initial polymer, while it
decreases to ∼3 already at Λ = 1.25.

Figure 5 shows the dependence of the ultimate
stress and upper and lower yield points of unfilled PP
on the degree of cold rolling Λ. The tensile stress at
break is proportional to Λ as in other polymers [24, 25,
43]. On the other hand, the yield point first decreases
from ∼36 MPa for the unrolled polymer to ∼32 MPa
at Λ = 1.25, but then increases. The decrease in the

Table 1. Influence of cold rolling on the temperature and heat of melting of unfilled PP (the rate of heating is 10 K/min)

Degree of cold rolling of PP Melting point, °С Heat of fusion, J/g Degree of crystallinity, %

Unrolled 157 102 62

1.25 157 99 60

1.50 158 104 63

1.90 157 104 63

Fig. 3. Stress–strain curves of the (1) initial PP and (2–5)
PP rolled at Λ = (2) 1.25, (3) 1.5, (4) 1.7, and (5) 1.9.
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Fig. 4. Dependence of the strain ratio in the neck λn of
unfilled PP on the degree of cold rolling Λ.
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yield point after deformation is called true strain soft-
ening. This effect is less pronounced in amor-
phous/crystalline polymers than in glasslike poly-
mers, but it is also noticeable in PP. A small minimum
at Λ = 1.25 is also traced in the dependence of the
lower yield point (curve 3).

Mechanical Properties of the Unrolled Composite

The influence of the particles on the stress–strain
curves is illustrated by Fig. 6. Unfilled PP is plastic,
but already at the filling V = 0.2 wt % with thermally
reduced particles of graphene, the material underwent
fracture during the process of formation of the neck,
and its fracture strain decreased ~40-fold in compari-
son with unfilled PP. The composite underwent frac-
ture without reaching the yield point at the concentra-
tion of the particles V = 3.3 wt %. The respective frac-
tured sample is shown in Fig. 7. The fracture was
brittle, without traces of plastic deformation.

Therefore, the initially plastic PP already became
quasi-brittle at a degree of filling of 0.2 wt % and brit-
tle at 3.3 wt %. The composite behaved in a similar
manner in the case of chemically reduced particles,
but the embrittlement occurred at somewhat higher
values of the concentration of the filler. For example,
it fractured during the formation of the neck at the
concentration of the particles of 1.8 wt %.

The influence of the filler on the Young modulus E
of the material is demonstrated by Fig. 8. The intro-
duction of the particles leads to an increase in the
Young modulus, but a substantial growth is observed
at the degrees of filling of at least 2–3 wt %. Note that

1

the Young modulus of the studied PP is higher when
compared to the industrial brands; this is associated
with the increased degree of crystallinity owing to the
catalyst used.

Structure and Mechanical Properties
of the Rolled Composites

The small-angle X-ray diffraction patterns of the
rolled PP–3.3% TRG composites are presented in
Fig. 9. The particles lead to a sharp increase in scatter-
ing (Fig. 9b). Cold rolling changes the character of
scattering. The reflection becomes elongated along

Fig. 5. Dependence of the (1) ultimate stress and (2) upper
and (3) lower yield points of PP on the degree of cold roll-
ing Λ.
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Fig. 6. Initial sections of the stress–strain curves of (1)
unrolled PP and (2, 3) composites containing (2) 0.2 and
(3) 3.3 wt % TRG (the elongation at break of unrolled PP
is 700%).
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Fig. 7. Optical photographic image of the unrolled sample
of PP–3.3% TRG; ×15.
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the equator and compressed along the meridian. The
strain ratio increases with the growth in the degree of
cold rolling as a result of the orientation of the plates
along the axis of cold rolling.

Figure 10 demonstrates the influence of cold roll-
ing on the stress–strain curves of PP containing V =
0.2 and 3.3 wt % particles. The unrolled composite
fractured during the formation of the neck at a strain
of ∼15% at V = 0.2 wt % (curve 1). Preliminary cold
rolling increased the fracture strain to 400–700%. The
neck already stably propagated along the working part
of the sample at low degrees of cold rolling (Λ = 1.25),
and the fracture occurred at the stage of strain
strengthening. In the case of an increase in the degree
of cold rolling to Λ = 1.7, the f low of the material
became uniform. A growth in the yield point and
strength of the material, as well as a certain decrease in
the elongation at break, was observed with the increase

in Λ, which is explained by the decrease in the deform-
ability of the matrix after cold rolling.

The influence of cold rolling on the behavior of the
composite at a degree of filling V = 3.3 wt % is the
same (Fig. 10b). The initial composite was brittle, but
it underwent fracture during the propagation of the
neck after cold rolling of Λ = 1.25-fold. The increase
in the degree of cold rolling Λ to 1.7 led to a growth
in the elongation at break to 280% and disappear-
ance of the neck. A similar transition from brittle to
plastic behavior as a result of cold rolling is also seen
in the composites filled with the chemically reduced
particles.

The dependence of the Young modulus E of the
composite and unfilled PP on the degree of cold roll-
ing Λ is shown in Fig. 11. Cold rolling has almost no
influence on the modulus of the matrix and low-filled
composite (V = 0.2 wt %). The modulus somewhat
decreases at the concentration of particles of 3.3 wt %,
apparently, owing to the exfoliation of the particles
during rolling because of the nonideal adhesion. Note
that the degree of cold rolling was low, and no growth
in the Young modulus of PP as a result of molecular
orientation was observed.

Microscopy

Figure 12a demonstrates an unrolled sample of
PP–0.2% TRG stretched almost to fracture under a
transmission electron microscope. It is seen that a
rhomboidal microcrack or pore (denoted by the
arrow) is present in the formed neck. Oval pores orien-
tated along the axis of drawing are also observed in the
neck under higher magnification (Fig. 12b). The
micropores are formed by the exfoliation of the parti-
cles or fracture of loose agglomerates of particles upon
stretching. Rhomboidal pores are also traced in the
neck in the case of stretching of the composite con-
taining chemically reduced particles (Fig. 13).

Figure 14 presents the lateral side of the low-tem-
perature chipping of the unrolled composite that
underwent fracture upon tension. The SEM image

Fig. 8. Dependence of the Young modulus E of unrolled
PP on the concentration of the particles of graphene:
(1) TRG and (2) CRG.
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Fig. 9. Small-angle X-ray diffraction patterns of the composites based on PP: (a) initial unrolled PP, (b) unrolled PP–3.3% TRG,
(c, d) PP–3.3% TRG with the degree of cold rolling Λ = (c) 1.5 and (d) 2.1. The direction of cold rolling is vertical and the direc-
tion of X-rays is parallel to the plane of the film and perpendicular to the direction of cold rolling.
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was obtained near the fracture area. The arrow shows
a rhomboidal microcrack, in the center of which an
agglomerate of particles with a size of ∼8 µm and pores
elongated along the axis of stretching are seen. The
agglomerates initiated the formation of several rhom-
boidal pores in the neck being formed, one of which
led to fracture. As opposed to Figs. 12 and 13, where
the rhomboidal pore grows “across the width” of the
sample, it increases “through the thickness” in Fig. 14.
Having assumed the retention of the volume, the local
deformation of the material in the neck was estimated
as ∼360% from the thickness of the sample in Fig. 14.
Note that both uneven areas and microareas of a
smooth chipping are observed in this figure. This gives
evidence of the presence of the adhesion bonding of
the particles with the polymer, as a result of which the
particles are not pulled out from the plane of fracture.

Additional information on the fracture of the com-
posites was obtained when using films with a smaller

thickness. Figure 15 presents the image of the surface
of an unoriented sample with a thickness of 80 µm
after fracture under a transmission optical micro-
scope. Upon stretching, the black agglomerates of the
particles initiate the appearance of dark stripes
(denoted by the arrow) oriented perpendicularly to the
axis of stretching. Rhomboidal microcracks are also
seen. This makes it possible to draw a conclusion that
the agglomerates of the particles initiate the appear-
ance of deformation zones which broaden upon
stretching and in which microcracks appear. The
transparency of the deformation zones gives evidence
of the fact that they are a continuous material rather
than crazes. Small oval pores (denoted by the arrow)
orientated along the axis of stretching are also
observed in the f low zone.

As opposed to the unoriented material, no rhom-
boidal cracks are formed in the rolled composite. Fig-
ure 16 shows a rolled film of the PP–0.2% TRG com-
posite before and after stretching. The aggregates of
the particles with a size of 10–50 µm are deformed
upon stretching and become elongated together with
the polymer matrix along the direction of stretching.
Here, neither oval nor rhomboidal pores are formed at
a strain of 160%. The size and elongation of the parti-
cles indicate that nanoparticles with a size of ∼100 nm
(see Fig. 1) are assembled into loose optically opaque
aggregates with a size of 10–50 µm. Individual
nanoparticles are transparent under an optical micro-
scope. The microscopic data also demonstrate that the
agglomerates of particles become elongated along the
axis of cold rolling during rolling, and their lateral
dimensions decrease slightly.

Fig. 10. Stress–strain curves of (1) unrolled PP and (2–4)
rolled PP containing (а) 0.2 and (b) 3.3% TRG; the degree
of cold rolling Λ = (2) 1.25, (3) 1.7, and (4) 2.0.
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Fig. 11. Dependence of the Young modulus of PP–TRG
composites on the degree of cold rolling Λ. The concentra-
tion of the particles is (1) 0, (2) 0.2, and (3) 3.3 wt %.
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CONCLUSIONS

Nanocomposites have been obtained by in situ fill-
ing, i.e., by the synthesis of the PP matrix on
graphene-like particles, thus allowing a more uniform
distribution of the filler throughout the bulk of the
matrix when compared to the mechanical mixing of
the particles and the melt of the polymer. Neverthe-
less, a certain fraction of the particles assembled into
agglomerates, while the remaining plates were distrib-
uted in the polymer matrix. The agglomerates led to
the embrittlement of unrolled PP already at a degree of
filling of ∼0.2 wt %.

Nanoplates were not pulled out from PP in the case
of low-temperature chipping, which indicates the
presence of adhesion bonding. The particles increase
the Young modulus of the material. Cold rolling leads
to a certain decrease in the modulus, apparently,
owing to the partial exfoliation of the particles.

Cold rolling suppresses the brittle behavior of the
composite irrespective of the method of reduction of
the particles of graphite oxide (thermal expansion or
chemical).

The agglomerates initiate the appearance of local
fluidity microzones, in which the strain of the polymer
is high and where microcracks leading to the fracture
of the composite are conceived.

Cold rolling up to Λ = 1.25 suppresses the forma-
tion of microzones, and no neck appears at Λ = 1.9.
Pore formation also disappears after cold rolling, and
the material does not become turbid in the process of
further stretching.

The degree of elongation at break λ is determined
from expression (1) in the case of the presence of large
defects:

(2)

where D is the diameter of the agglomerates and σ is
the tensile stress.

1

= +λ 1 ,
σ

IcG
D

Figure 17 schematically illustrates the influence of
the size of the agglomerates of the particles D on the
value of λ. A similar scheme was used by A.F. Ioffe in
[44] for the explanation of the change of the mecha-
nism of fracture. Thus, in this figure, curve 1 has been
calculated by formula (2), and the degree of elongation
at break λ in it is inversely proportional to the size D.
Straight line 2 describes the natural elongation at
break of the composite λm. The fracture occurs upon
reaching the minimum of the two values of the elonga-
tion at break. In the case of small particles with the size
D < D*, the material undergoes fracture at the natural
elongation at break of the composite λm, and the stress
concentration in the agglomerates can be neglected. A
change in the mechanism of fracture occurs at D = D*,
and the fracture is determined by large agglomerates.

The influence of cold rolling on the mechanism of
fracture of the composite is shown in Fig. 18. The
dependence of the strain ratio in the neck on the
degree of cold rolling Λ is given by curve 1. The local
strain ratio at break (curve 2) is inversely proportional
to the degree of cold rolling Λ [25, 43]: λ = λ0/Λ.
Thus, two types of behavior of the composite are pos-
sible with the growth in Λ.

Fig. 12. Optical images of the unrolled sample of PP–0.2% TRG at magnification of (a) ×16 and (b) ×40.

(а) (b)

Fig. 13. Optical transmission image of a sample of PP–
1.8% CRG at magnification of ×55.
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The first type—the strain ratio in the case of frac-
ture of the unrolled material is higher than the strain
ratio in the neck (curve 2 is higher than curve 1), and
the composite is plastic at all the degrees of cold roll-
ing Λ.

The second type—the strain ratio in the case of
fracture of the unrolled material is lower than the
strain ratio in the neck (curve 2 '), curve 1 has a greater
negative inclination than curve 2 ', and there is an
intersection of curves 1 and 2 ' at a degree of cold roll-
ing Λ*. This corresponds to the change in the mecha-

nism of deformation. At Λ < Λ*, the elongation ratio at
break is lower than the elongation ratio in the neck,
and the composite undergoes fracture upon its forma-
tion. The neck stably propagates and the composite is
plastic at Λ > Λ*. The transition from brittle to plastic
deformation of the composite occurs at Λ = Λ*. Brittle
behavior is observed in the region to the left of the ver-
tical dashed line.

Note that the first type of behavior is generally
characteristic of unfilled polymers and composites
containing a relatively small amount of small particles.

Fig. 14. SEM micrograph of the lateral surface of the chipping of an unrolled sample of PP–1.8% CRG which underwent fracture
under stretching; ×1300.

Fig. 15. Optical photographic image of an unrolled sample of PP–0.2% TRG; the thickness of the film is 80 µm; ×80.
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The second type is observed in the case of the use of
the composites containing large particles as well as
composites with a quite high concentration of small
particles.

An increase in the concentration of the particles
leads to the shift of curve 2 ' downward, and the transi-
tion to brittle behavior occurs at a higher degree of
cold rolling. The neck disappears at a degree of cold
rolling Λ** ∼ 2, and the composite is plastic irrespec-
tive of the concentration of the particles.
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