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of poly(vinyl alcohol)–graphene
oxide nanocomposites

Tatiana V. Panova, * Anna A. Efimova, Anna K. Berkovich and Aleksander V. Efimov

Composite films containing poly(vinyl alcohol) filled with different amounts of graphene oxide (2 and 4 wt%)

were prepared by the solution casting technique, and the mechanical properties of the resulting materials

were modified with different amounts of glycerol as a plasticizer. Two series of pure poly(vinyl alcohol) and

graphene oxide-loaded films with fixed amounts of water were used for modification with glycerol, since

water can also serve as a plasticizer for poly(vinyl alcohol). The morphology and physical properties of

the plasticized and non-plasticized composites were studied; tensile tests were performed to investigate

and compare their mechanical properties. Glycerol addition does not affect the excellent compatibility of

the filler with the polymer matrix and uniform distribution of graphene oxide in poly(vinyl alcohol). For

poly(vinyl alcohol)/graphene oxide films an increase of the Young's modulus and yield stress was found

with an increase of the filler content; the Young's modulus for poly(vinyl alcohol) filled with 4 wt% of

graphene oxide is almost two times higher than that of the pure polymer. Simultaneously, a sharp

decrease of the elongation at break from 80% for pure PVA to about 5% for the PVA/GO composite with

4 wt% of GO is observed, and the film's brittleness dramatically increases. It was shown that the addition

of glycerol to the composite films leads both to the Young's modulus decrease and tensile energy at

break increase; here the Young's modulus decreases by 18 times after addition of 20 wt% of glycerol to

the poly(vinyl alcohol) film filled with 4 wt% of graphene oxide. Thus, the use of plasticizer results in

a significant increase of the ductile properties of graphene oxide filled poly(vinyl alcohol) composite

films, and the higher the water content in the composite film, the more drastic the increase of the

ductile properties observed.
Introduction

Polymer composites and nanocomposite materials are inten-
sively investigated these days. The possibility to combine useful
properties of several components in one material leads to the
increasing amount of work in this eld.1–11 Poly(vinyl alcohol)
(PVA) is rather frequently used as a matrix for preparation of
composite materials.12–20 PVA is a semi-crystalline polymer with
excellent lm-forming properties, and it is easily soluble in
water which makes the processing of composite materials
having PVA as amatrix from solutions eco-friendly. PVA also has
one of the largest production outputs in the world of synthetic
polymers, so it is easily available. Usually PVA is combined with
nanollers to modify the mechanical properties as well as its
electroconductive, optical, and gas barrier properties, and
several others.5,7,8 Graphene oxide (GO) is extremely popular
material nowadays for using in nanocomposites as a ller.21–24

GO represents a two-dimensional material with a high aspect
ratio having a single layer of sp2-hybridized carbon atoms, with
planars and edges decorated with oxygen-containing functional
State University, Leninskiye Gory 1-3,
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groups, such as hydroxyl, epoxides, carbonyls, and
carboxyls.25,26 GO is a commercially-available product, which
can be obtained in large-scale amounts. Using GO one can
modify the mechanical or thermal properties of the composite
materials. Since GO contains multiply hydrophilic groups it can
be easily dispersed in water, which makes it compatible with
water-soluble polymers as a matrix and provides a uniform
distribution of this ller in the resulting composite material.
Thus, hydrogen bonding between the oxygen-containing groups
situated on the graphene oxide layers and hydroxyl groups of
the polymer matrix provides an excellent compatibility of GO
with PVA matrix, which determines an interest to the PVA–GO
nanocomposites.27–31 Pure PVA lms are rather brittle with little
or no thermoplasticity as a consequence of the polymer crys-
tallinity; but PVA composite lms containing GO are usually
even more brittle. Plasticizers are usually added to modify the
mechanical properties of PVA and to make the polymer more
exible. The choice of plasticizer is determined by the nature of
a polymer, and glycerol is one of the common plasticizers used
for PVA modication along with propylene glycol or other pol-
yols.32–35 Plasticizer blended with polymer increases the inter-
chain distances, and thus the free volume in a polymermaterial,
enhancing the macromolecular mobility of polymer chains.
RSC Adv., 2020, 10, 24027–24036 | 24027
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Thus, all polymer structure became less dense, and chains
exibility improves. In the case of PVA–glycerol system, plasti-
cizer can also destroy the hydrogen bonds between macromol-
ecules, which additionally improve the chains mobility. It was
shown that the addition of plasticizer could signicantly change
the plasticity of PVA lms and increase its exibility. With an
increase of a plasticizer amount in the PVA the higher elonga-
tion at break can be achieved and the tensile strength became
lower. Water also serves as a PVA plasticizing agent, but glycerol
is much more preferable since it has signicantly low vapor
pressure compare to water, thus, the glycerol content in a poly-
mer composite usually determines by the initial glycerol loading
and does not change with the rises and falls of atmosphere
relative humidity and temperature.

Both pure and covalently modied with different polymers
GO as well as GO based composites are also extensively inves-
tigated as candidate for potential biomedical applications, drug
delivery systems, materials for transdermal drug delivery.36 The
antibacterial activity of GO and GO containing polymer lms
was also found in ref. 37 and 38. From this point of view, the
mechanical properties of the GO composite materials, and in
particular the exibility of composite lms, are very important,
suitable lms should have a relative high tensile strength and
elongation at break.

Thus, PVA forms very uniform composites with GO, however
the plasticity of these composites decreases with the increase of
GO content even at the addition of rather small amount of the
ller. Up to now the amount of publications concerning the
inuence of glycerol as a plasticizer on the mechanical prop-
erties of PVA nanocomposites is very limited. The authors of ref.
39 studied the mechanical properties of PVA nanocomposite
lled with graphene and found the changes of their mechanical
properties as a result of PVA matrix plastication. In this work
we tried to improve the mechanical properties, in particular, the
ductility of PVA–GO composite lms by adding the glycerol as
a plasticizer.
Experimental
Materials

GO was supplied by PuntoQuantico (Italy), poly(vinyl alcohol)
(PVA, 16/1, degree of hydrolysis 98.3–99.1%) was purchased
from Reakhim (Russia), and glycerol was purchased from Pan-
reac Applichem (Italy). All chemicals were used as received.
Double distilled water was used for preparation of PVA aqueous
solutions and GO aqueous dispersions.
PVA solutions and GO dispersions

PVA solutions were prepared as follows: PVA powder was heated
in water at 80 �C for 2 hours in an oven and then stirred for 12 h
at 70 �C. Aqueous dispersion of GO was prepared by mixing of
44 mg of GO with 10 ml of water, succeeded by ultrasonication
and vigorous stirring. Thus the stable dispersions containing
4.4 mg ml�1 GO were obtained.
24028 | RSC Adv., 2020, 10, 24027–24036
In Fig. 1 TEM images of air-dried GO dispersion are pre-
sented; separated GO sheets could be easily seen which
evidences ne dispersibility of GO in the aqueous dispersion.
Preparation of composite and reference lms

Two series of PVA/GO composite lms with 2 and 4 wt% of GO
and different amount of glycerol as a plasticizer (0, 10, and
20 wt%) were prepared. Also the samples of pure PVA contain-
ing 0, 10, and 20 wt% of glycerol (Gly) were prepared for the
reference.

First, PVA/GO and PVA/GO/Gly aqueous dispersions were
obtained. For the preparation of PVA/GO and PVA/GO/Gly
aqueous dispersions, dry PVA, GO aqueous dispersion (4.4 mg
ml�1), double distilled water, and Gly (for glycerol containing
samples) were mixed. Final PVA concentration in dispersions
was 5 wt%, GO concentrations were 1.1 mg ml�1 or 2.2 mg ml�1

(for 2 wt% and 4 wt% GO in the nal dried lm correspond-
ingly), and the amount of glycerol added corresponds to 10 and
20 wt% in the nal dried lm. Dispersions were heated in an
oven at 80 �C for 2 hours. Then the dispersions were stirred
vigorously for 12 h at 70 �C.

PVA/GO and PVA/GO/Gly lms, as well as pure PVA lms with
and without glycerol were prepared by solution casting tech-
nique from the PVA/GO or PVA/GO/Gly aqueous dispersions or
PVA aqueous solution. Dispersions or solutions were cast onto
a glass and air-dried on a horizontally aligned table for 48 h. The
lms obtained were uniform in thickness with smooth surface
and were easily separated from the glass support. Using 10ml of
PVA/GO, PVA/GO/Gly dispersion or PVA, PVA/Gly solution, lms
with dimensions of about 7 � 5 cm and thickness �60–70 mm
were obtained.

The resulting composite lms were equilibrated for 5 days in
a desiccator under saturated MgCl2 at 25 �C (relative humidity
33%). For the other series of the experiments, composite lms
were dried at 70 �C for 2 h. In all cases the amount of water in
the samples was estimated using thermogravimetric analysis.
Transmission electron microscopy

The morphology of the initial GO aqueous dispersion as well as
PVA/GO and PVA/GO/Gly composite lms was studied via
transmission electron microscopy using LEO 912 AB OMEGA
microscope (Carl Zeiss, Germany). Aqueous GO dispersion was
placed on a Formvar–carbon covered copper mesh and air
dried. For the PVA/GO and PVA/GO/Gly composite lms, ultra-
thin slices of composite lms with a thickness of 100 nm were
deposited on a copper mesh covered with a Formvar–carbon
lm.
Synchronous thermal analysis

Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were performed using a synchronous thermal
analysis instrument STA 449 F3 Jupiter (Netzsch). Aluminum
crucibles were used for the experiment, the sample weighed was
1–5 mg. The heating rate was 10 K min�1; prior to the analysis,
the baseline TGA and DSC was recorded.
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra04150e


Fig. 1 TEM images of air-dried GO dispersion.
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The degree of crystallinity, c, was calculated from the DSC data
using the specic heat of fusion of pure PVA or PVA/GO composite
and the specic heat of fusion of perfectly crystalline PVA:

c ¼ DHm/DH0 � 100%,

where DHm is the melting enthalpy measured from DSC data,
and DH0 is the enthalpy of pure PVA in perfectly crystal state
being equal to 156.8 J g�1.40
Mechanical analysis

The tensile tests of the composites were evaluated using an Ins-
tron 4300multipurpose testing machine. The initial length of the
specimen was 20mm, and the width was 6mm. Crosshead speed
of 2 mm min�1 (10% min�1) was used. The toughness was
dened as the area surrounded by the stress–strain curve.
WAXS measurements

The structure of the PVA lms and PVA/GO composites both pure
and plasticized with glycerol was studied by theWAXS technique.
X-rays scattering patterns were registered with Bruker D8
ADVANCE diffractometer equipped with germanium bent-crystal
monochromator and LYNXEYE scintillation detector, using Ni-
ltered CuKa radiation (l ¼ 1.5418 �A). Patterns were recorded
in a diffraction angle range of 2q ¼ 10–50�. The incoherent and
background scattering subtraction and X-rays patterns process-
ing for the partition of semi crystalline and amorphous phases
reexes were performed in DIFFRAC.EVA and Origin 15Pro
soware as described in ref. 41 and 42.
Thermomechanical analysis

The glass transition temperature was measured using thermo-
mechanical analysis (TMA 402 F1 Hyperion, Netzsch) with
penetration equipment. The heating rate of 3 K min�1 and
constant force of 20 mN with the argon ow rate of 50 ml min�1

were used. The inection point on a curve was used to compare
data for different samples.
This journal is © The Royal Society of Chemistry 2020
Results and discussion

It is known that PVA lms are characterized with rather poor
plasticity and the addition of GO as a ller, even at the amounts
of a few wt%, decreases their plasticity further and makes them
more brittle. One of the possible ways to increase the plasticity
of PVA/GO nanocomposites is the addition of a plasticizer, and
here we tried to use glycerol as a ductility rising component. The
structure and mechanical properties of PVA and its composites
are also known to be very strongly dependent on the water
content, since water serves as a very good plasticizer for PVA.43,44

The rises and falls of relative humidity could signicantly
change the water content in the polymer45 thus inuence the
physicomechanical properties. One can control the water
content in the PVA and its composites by annealing it at the
temperature, slightly lower than the glass transition tempera-
ture for the polymer, or by keeping the polymer samples at
a constant humidity. So here we used two series of PVA and its
composite lms samples with different water contents.

Pure PVA lms or PVA/GO nanocomposite lms containing
2 or 4 wt% of GO were obtained by solution casting technique
and air-dried to a constant weight. Then two series of samples
with different water content were prepared. The samples with
minimal water content were obtained by drying of PVA or its
composite lms at 70 �C for 2 h, and for the second series, air-
dried PVA or its composite lms were equilibrated for 5 days at
the 33% relative humidity.

The properties of PVA/GO composite lms containing 2 wt%
of GO were described earlier and it was shown that GO is
uniformly distributed inside the polymer matrix, with stacks of
several GO sheets or individual GO layers.29

In Fig. 2(a) the thermogravimetric curves of annealed for 2 h
at 70 �C (further denoted as annealed) and equilibrated at 33%
relative humidity (further denoted as dampened) samples are
given.

According to the TGA data, the water content in the annealed
sample was about 2.8–3.1%, and for the dampened sample this
value was about 5.3–5.5%. The increase of water content which
serves as a plasticizer for PVA matrix, allows to suggest the rise
RSC Adv., 2020, 10, 24027–24036 | 24029
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Table 1 Glass transition temperatures of PVA and PVA/Gly films
annealed at 70 �C

Sample % Gly Tg, �C

PVA 0 94
PVA/Gly 10 75
PVA/Gly 20 42
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of the composite ductility for the dampened sample and
therefore the improvement of its mechanical properties.

The thermal transformations in the PVA/GO composite lms
were studied by DSC technique and the corresponding data for
annealed (1) and dampened (2) lms are shown in Fig. 2(b). The
broad endothermic peak in the region of 80–120 �C corresponds
to the water evaporation from the composite sample. The
melting temperature for both samples almost coincides and
was found to be �230 �C. The specic heat of fusion was found
to be equal to 66.7 J g�1 and 63.2 J g�1 for the annealed and
dampened samples, correspondingly. From these data the
degree of PVA crystallinity (c) in the composite lms was
calculated as follows:

c ¼ DHm/DH0 � 100%,

where DHm is the melting enthalpy measured from DSC data,
and DH0 is the enthalpy of pure PVA in crystal state (156.8 J
g�1).40 The degree of crystallinity calculated from these data was
found to be 43% and 41% for annealed and dampened PVA/GO
composites, correspondingly. Thus, one can see that the crys-
tallinity remains almost the same with the increase of water
content. Authors of ref. 44 studied the inuence of water
content on the crystallinity degree for pure PVA lms and they
also did not nd any pronounced differences in the crystallinity
for the samples with different hydration degrees. Water mole-
cules can act as plasticizer of the amorphous regions of PVA as
well as partially damage the crystalline regions. Our data on the
PVA crystallinity degree at different water content are in the
agreement with the assumption that for PVA at the ambient
temperatures water molecules does not signicantly inuence
the crystalline regions of the polymer.

Let us now proceed to the consideration of plasticized with
glycerol lms. It is well known that glycerol represents an
effective and well compatible plasticizer for PVA,32 therefore
here we tried to modify the mechanical properties, in particular,
the ductility of PVA/GO composite lms by adding the glycerol
into the PVA/GO composite. One of the key parameters deter-
mining the material ductile properties is the glass transition
temperature therefore their values were measured for pure PVA
Fig. 2 Thermogravimetric (a) and calorimetric (b) curves for annealed (1

24030 | RSC Adv., 2020, 10, 24027–24036
lms and PVA lms containing glycerol. The glass transition
temperature values (Tg) for PVA and PVA/Gly lms annealed at
70 �C are presented in Table 1. One can see the signicant
decrease in the glass transition temperatures with the addition
of glycerol: it drops from 94 �C for pure PVA lm to 42 �C for
PVA/Gly lm containing 20 wt% of glycerol.

From the data on the decrease of the PVA glass transition
temperature with the increase of glycerol content one can
conclude that this plasticizer is very effective for PVA. These
data are in a good agreement with the previous studies and
theoretical values predicted with Kelley–Bueche equation which
allow the calculation of the glass transition temperatures using
thermal expansion coefficients and volume fractions of a poly-
mer and plasticizer.46,47

As a next step we added glycerol into the PVA/GO composites
during lm preparation and rst checked whether the addition
of glycerol affects the distribution of GO in the polymer matrix.
It should be noted that the addition of glycerol to the initial
mixture for lms casting does not change the processability of
the composition, and visually signicantly improves the exi-
bility of the lms obtained. We used two PVA/GO compositions
having 10 wt% and 20 wt% of glycerol, loaded with 2 and 4 wt%
of GO. Aer casting and drying, smooth and uniform lms were
obtained in all cases. In Fig. 3 TEM images of the thin slices of
PVA/GO composite lm with 20 wt% of glycerol at different
magnications are shown, TEM image of the lm without
glycerol is also given for the comparison. One can see that the
addition of glycerol to the lm does not change the way of it
distribution in the resulting lm: the ller in both samples is
distributed uniformly while slight stacking of GO sheets is
) dampened (2) PVA/GO composite films containing 2 wt% of GO.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 DSC curves for PVA/GO annealed sample (1), and PVA/GO/Gly
annealed samples with 10 (2) and 20 (3) wt% of glycerol; all samples

Fig. 3 TEM images of PVA/GO film containing 2 wt% of GO (a) and PVA/GO/Gly film containing 2 wt% of GO and 20 wt% of glycerol (b–d) at
different magnifications.
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observed. According to the TEM data, the number of stacked GO
layers is up to 10, usually 3–5 GO layers.

Calorimetric curves for PVA/GO/Gly with 0, 10, and 20 wt% of
glycerol are given in Fig. 4. The melting temperatures for the
composites decreases with the increase of the amount of the
plasticizer added, and its values are equal to 229, 221, and
215 �C for 0, 10, and 20 wt% of glycerol content,
correspondingly.

The calculation of the PVA crystallinity degree in the plasti-
cized composite lms using the DSC method applied earlier in
our study will be not correct for the samples containing glycerol
because of unavoidable glycerol evaporation during the sample
heating, which begins at lower temperatures than PVA melting
temperature. Therefore, we use X-ray diffraction technique to
determine PVA degree of crystallinity in the composite sample
with glycerol.

Fig. 5 shows typical radial X-rays diffraction curves for PVA/
GO/Gly samples with different glycerol content and 2 wt% of
GO in 2Q range of 10�–50�.

X-ray diffraction patterns for PVA and PVA/GO nano-
composites curves contain the main diffraction peak at 2Q ¼
19.3� and the second one at 2Q¼ 40.7�, both typical for the PVA
crystalline phase. It should be noted that nanocomposite
patterns does not show the pronounced peak typical for GO
This journal is © The Royal Society of Chemistry 2020
diffraction, which is observed at 2Q ¼ 10.6� (corresponds to the
d ¼ 0.83 nm).48 This is the evidence of the unformed distribu-
tion of GO inside the PVA matrix.

The degrees of crystallinity for PVA and its composites with
GO in plasticized and unplasticized states were calculated from
the X-ray diffraction spectra. The value of degree of crystallinity
was calculated as a ratio of the integral scattering contribution
for the crystalline phase to the total integral scattering intensity.
The data handling for scattering peak and amorphous halo
partition was performed using DIFFRAC.EVA and Origin 15Pro
contain 2 wt% of GO.

RSC Adv., 2020, 10, 24027–24036 | 24031
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Fig. 5 X-ray diffraction curves for (a) PVA/GO sample (1), and PVA/GO/Gly samples with 10 (2) and 20 (3) wt% of glycerol; all films contain 2 wt%
of GO; (b) PVA (1), and PVA containing 10 (2) and 20 (3) wt% of glycerol.
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soware. The example of the diffraction pattern treatment for
pure PVA is shown in Fig. 6, here, the scattering curves are
shown as a dependence of Is2 on s, where I is the scattering
intensity, and s is a scattering vector calculated as

s ¼ p sin(Q)/l,

Q being the Bragg angle and l ¼ 1.54 �A, the radiation
wavelength.

The crystallinity degrees calculated from X-ray scattering
data along with the melting temperatures obtained from the
DSC data for PVA and its composites are shown in Table 2.

The crystallinity degree slightly decreases for the nano-
composite material compared to the pure PVA, which could be
due to the restriction of the PVA chains movements near GO
surface as a result of the formation of hydrogen bonds between
oxygen-containing GO functional groups and hydroxyl groups of
PVA. The variations of the crystallinity degree for PVA lled with
GO were explained in ref. 45 with two opposite effects. GO can
play a role of nucleation agent, providing sites for PVA crystal-
lization, which results in crystallization degree increase. On the
other hand, GO aggregates and single sheets could restrict PVA
chains movement thus decreasing the crystallinity of the poly-
mer in the nanocomposite. As a result, slight changes of crys-
tallinity degree could be observed aer addition of GO into PVA
Fig. 6 Example of PVA X-ray diffraction pattern treatment; amor-
phous phase (1), crystalline phase (2), the initial X-ray diffraction
pattern (3).

24032 | RSC Adv., 2020, 10, 24027–24036
matrix depends, for example, on the way of a sample
preparation.

The addition of glycerol to the PVA and GO lled nano-
composites leads to the decrease of the melting temperature
and degree of crystallinity. Both effects are usually observed as
a result of a plasticizer addition into a polymer, and it was as
well shown for PVA plasticized with glycerol.49

However we can conclude that the addition of glycerol and
GO into the PVA matrix does not lead to the signicant changes
of the polymer crystallinity degree, and in the PVA lled with GO
still very high percent of the chains are included into the crys-
talline phase. One can suggest that with the plasticizer addition,
along with the increase of the samples ductility, mechanical
performance of the modied composite will remain at a good
level, Young's modulus and yield stress will remain sufficiently
high.

Mechanical performance of the composite lms are the most
important criteria for the evaluation of polymer lms proper-
ties, and to study the mechanical properties of the PVA/GO
composite lms tensile tests were carried out. Typical stress–
strain curves for annealed samples containing low amount of
water for PVA and PVA/GO nanocomposites, both unmodied
and modied with glycerol are shown in Fig. 7. The Young's
modulus, yield point, stress at break, elongation at break were
calculated from stress–strain curves; the tensile energy at break
was determined as the area under the deformation curve. The
data on mechanical properties are summarized in Table 3.
Table 2 Melting temperatures and crystallinity degrees for PVA and
PVA/GO composites, unplasticized and plasticized with glycerol

Sample
Melting
temperature, �C Crystallinity degree

PVA 232 49
PVA/10 wt% Gly 230 48
PVA/20 wt% Gly 229 42
PVA/2 wt% GO 228 40
PVA/2 wt% GO/10 wt% Gly 226 37
PVA/2 wt% GO/20 wt% Gly 228 41

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Stress–strain curves for the composite annealed films: PVA (1),
PVA/GO containing 2 wt% of GO (2), PVA/Gly containing 10 wt% of
glycerol (3), PVA/GO/Gly containing 2 wt% of GO and 10 wt% of
glycerol (4), PVA/Gly containing 20 wt% of glycerol (5), PVA/GO/Gly
containing 2 wt% of GO and 20 wt% of glycerol (6).
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Pure PVA lm (Fig. 7, curve 1) deforms with a neck forma-
tion, which appears aer the yield point achievement. The
extensive area of a constant stress on a curve for PVA lm
corresponds to the neck propagation in the sample. The sample
destroys at the deformation value of about 40–50% at the stage
of the neck propagation.

The introduction of 2 wt% of GO leads to the 10–20%
increase in the Young's modulus, strength rise, and a sharp
decrease in tensile elongation of the composite lm (Fig. 7,
curve 2). As it is seen from the data, the plastic deformation is
observed in the case of the initial PVA, whilst for the sample
containing 2% of GO brittle destruction without reaching the
yield strength is observed at a very low deformation values
about 5–7%. The elongation at break for PVA/GO composite
lms in this case is about ten times less than that of the original
polymer.

Let us enlarge on the PVA mechanical property changes as
a result of GO nanoller addition into the polymer matrix.
Earlier it was shown that the mechanical parameters such as
Young's modulus, yield point, and stress at break signicantly
increases aer addition of rather small amounts of GO into
PVA; 30–50% increase in Young's modulus and yield point were
observed aer addition of as small as tenth hundredths of one
percent of GO. At the same time, the addition of GO into PVA
results in the abrupt decrease of elongation at break and
Table 3 Mechanical characteristics of PVA, PVA/GO and PVA/GO/Gly a

Sample % Gly Young's modulus, MPa Yield point,

PVA 0 4010 � 240 103 � 10
PVA/Gly 10 2620 � 120 75 � 5
PVA/Gly 20 1610 � 130 45 � �4
PVA/GO 0 4750 � 330 123 � 8
PVA/GO/Gly 10 2820 � 170 80 � �5
PVA/GO/Gly 20 1930 � 90 51 � 4

This journal is © The Royal Society of Chemistry 2020
composite embrittlement.45,50 The possible reasons for such
effects are extremely high rigidity and mechanical strength of
GO (Young's modulus for GO is about 210–250 GPa, and its
mechanical resistance is about 130 GPa), high degree of GO
exfoliation in the composite material, uniform GO sheets
distribution in a polymer matrix, and high adhesive power,
which is determined by the formation of hydrogen bonds
between GO nanosheets and PVA molecules.

At the same time, the strong interaction between GO surface
and polymer matrix caused by the network of hydrogen bonds
results in the restriction of polymer chains movement and as
a result leads to the decrease of elongation at break for PVA–GO
composite also making it brittle. The brittleness of the PVA as
a result of GO addition into the composite lm also can be
caused by GO aggregates formation and single GO sheets
hitching, especially at the high contents of the ller. GO and GO
aggregates having high anisotropy coefficient appears to be the
starting point of the crack under concentrated stress; this effect
was described earlier in ref. 50.

The tensile properties changed signicantly aer addition of
glycerol into the lms. Typical stress–strain curves for PVA/Gly
lm containing 20 wt% of glycerol and PVA/GO/Gly lm con-
taining 2 wt% of GO and 20 wt% of glycerol are shown in Fig. 7
(curves 5 and 6, correspondingly). It can be seen that the
introduction of glycerol leads to a signicant decrease in the
Young's modulus, the yield strength of both original PVA and
PVA/GO composite (compare the curves 1 and 5 for PVA, and
curves 2 and 6 for PVA/GO), the elongation at break for both
materials dramatically increases. Thus, it has been found that
for the PVA/GO composite a brittle to plastic transition is
observed with the introduction of 20 wt% of glycerol. As it is
follows from the Fig. 7, the unplasticized PVA/GO composite
breaks brittle, not reaching the yield point (curve 2), in contrast
to the PVA/GO/Gly composite containing 20 wt% glycerol, which
deforms plastically (curve 6). The fracture work increases by an
order of magnitude as it is seen from the Table 3. It should be
noted that the samples with glycerol deforms without a neck
formation, aer reaching the yield point the stress increased
monotonically with the deformation raising.

One can assume that the introduction of a plasticizer besides
the effect on the PVA interchain interactions, leads to a decrease
in local overstrains around the ller particles or particle
aggregates that results in an increase of the crack growth
resistance of the material and an increase of the lms plasticity.
nnealed films, composite samples with GO contain 2 wt% of GO

MPa
Stress at break
(strength), MPa

Elongation at
break, %

Tensile energy
at break, J cm�3

90 � 5 35 � 6 29.0 � 3.0
60 � 4 25 � 4 16.5 � 2.0
63 � 4 250 � 20 127.0 � 12
— 5 � 1 2.7 � 0.3
65 � 3 11 � 1.5 5.2 � 0.4
52 � 4 55 � 5 26.0 � 3.0

RSC Adv., 2020, 10, 24027–24036 | 24033
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It should be noted that the introduction of 10 wt% of glycerol
into a PVA/GO composite containing 2 wt% of GO is accompa-
nied by a signicant decrease in the glass transition tempera-
ture (the glass transition temperature decreases from 94 to
75 �C, Table 1), the Young's modulus and the yield point of the
material (Table 3). However, this does not result in a signicant
increase in elongations and tensile energy at break. It can be
seen from the Fig. 7 that the PVA/GO composite containing
10 wt% glycerol breaks in a quasi-brittle manner at the stage of
neck formation, wherein the elongations at break do not exceed
10–15% (curve 4).

Apparently, the effect of increasing the composite lm
plasticity is observed when the glass transition temperature of
the composite becomes more close to the temperature of the
experiment (in our case, to the room temperature), when
a sufficiently high level of molecular mobility in the plasticized
polymer is achieved. These conditions are realized for PVA/GO/
Gly composite containing 20% of glycerol, since the glass
transition temperature of this material was found to be about
42 �C. It is important to note that plasticized PVA/GO composite
lms in spite of the signicant glass transition temperature
decrease demonstrate rather high yield point and stress at
break values (see Fig. 7 and Table 3). This is the result of
sufficiently high crystallinity degree (about 40%) of plasticized
with glycerol composites.

The effect of increasing of the PVA/GO composite plasticity
with the decrease of the glass transition temperature realized
even more vividly for the dampened PVA samples equilibrated
at 33% relative humidity which contain 5.3–5.5% of water as
a plasticizer in addition to glycerol. Typical stress–strain curves
for plasticized and unplasticized PVA and nanocomposite lms
equilibrated at 33% relative humidity with 2 wt% or 4 wt% of
GO are presented in Fig. 8 and 9; the data on the mechanical
properties are summarized in Table 4.

The initial PVA sample is deformed with a neck formation; the
elongation at break of the sample is equal to 80–100%; it char-
acterized by lower Young's modulus and the yield point values,
Fig. 8 Stress–strain curves for the dampened films: PVA (1), PVA/GO
containing 2 wt% of GO (2), PVA/Gly containing 10 wt% of glycerol (3),
PVA/GO/Gly containing 2 wt% of GO and 10 wt% of glycerol (4), PVA/
Gly containing 20 wt% of glycerol (5), PVA/GO/Gly containing 2 wt% of
GO and 20 wt% of glycerol (6).

24034 | RSC Adv., 2020, 10, 24027–24036
compared to annealed sample, which could be explained by the
higher water content (Fig. 8, curve 1). The introduction of 2 wt%
GO into the polymer leads to a decrease in the elongation at break
up to 40%, the sample destroys at the stage of neck formation or
at the initial stage of neck propagation (Fig. 8, curve 2). At the
same time, a PVA/GO sample containing 4 wt% of GO is destroyed
brittly without reaching the yield point, and the elongation at
break value reaches only about 4–5% (Fig. 9, curve 1). It should be
noted that PVA/GO nanocomposite lms containing 4 wt% of
glycerol and annealed at 70 �C for 2 h were extremely brittle, and it
was hardly possible to conduct the reliable mechanic tests for
these samples.

As it follows from the Fig. 8, 9 and Table 4, the introduction
of glycerol into PVA/GO composites, along with a signicant
decrease in the Young's modulus and yield point, is accompa-
nied by a remarkable increase in elongations at break and
tensile energy at break. The failure mechanism changes from
brittle to ductile already with the introduction of 10% glycerol.
For PVA/GO sample containing 2 wt% of GO the introduction of
10% glycerol leads to an increase in elongation at break from 40
to 230%, and for the composite containing 4 wt% of GO, the
addition of 20 wt% of glycerol gives the rise of elongation at
break from 4 up to 150%, which is rather impressive. Plasticized
with glycerol samples are deformed uniformly, without a neck
formation, herewith the stress increases monotonically with
deformation growth. It should be noted that PVA samples
plasticized with glycerol equilibrated at 33% humidity are
characterized by lower values of yield point and Young's
modulus and higher tensile energy at break values compared to
the PVA samples annealed at 70 �C.

The observed effects are, apparently related to the lower
values of the glass transition temperatures of PVA samples
plasticized with glycerol equilibrated at 33% relative humidity,
compared with PVA samples, which were annealed at 70 �C.
This is obviously due to the higher content of water that acts as
an effective plasticizer for PVA samples.

As it was mentioned earlier, the transition from ductile to the
brittle state aer GO addition could be caused by the ller
aggregates formation and the existence of the network of
hydrogen bonds between PVA molecules and GO which restrict
polymer chains movements. One can assume that the main
reason of the plasticity increase aer glycerol addition into the
composite lm is polymer matrix changes as a result of plasti-
cization. The plasticizer reduces the restrictions of the polymer
chains movements in the PVA/GO composite, which was caused
by the presence of GO. Moreover, the plasticizer addition
decreases local overstrains around GO and GO aggregates,
which results in the increase of cracks growth resistance in the
material and plasticity increase.

Thus the plasticizer allows the transformation of the PVA/GO
nanocomposite lms from brittle to plastic condition and
provides a remarkable increase of elongation at break of the
modied lms. This effect could be additionally enhanced with
an increase of water content in the PVA/GO/Gly nanocomposite,
which should be taken into consideration when using PVA
composite materials in the atmospheres with different
humidity.
This journal is © The Royal Society of Chemistry 2020
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Table 4 Mechanical characteristics of PVA, PVA/GO and PVA/GO/Gly dampened films

Sample % GO % Gly Young's modulus, MPa
Yield point,
MPa

Stress at break
(strength), MPa Elongation at break, %

Tensile energy at
break, J cm�3

PVA 0 0 2875 � 125 71 � 4 54 � 3 80.0 � 9.0 35.0 � 3.0
PVA/Gly 0 10 170 � 25 24 � 3 54 � 5 270.0 � 20.0 190 � 25.0
PVA/Gly 0 20 90 � 10 18 � 3 39 � 4 370.0 � 20.0 198.5 � 7.0
PVA/GO 2 0 2900 � 150 71 � 5 65 � 3 38.0 � 8.0 24.0 � 4.0
PVA/GO/Gly 2 10 330 � 40 26 � 3 43 � 3 230.0 � 20.0 74.5 � 8.0
PVA/GO/Gly 2 20 160 � 30 22 � 2 39 � 3 305.0 � 25.0 85.5 � 6.0
PVA/GO 4 0 4500 � 300 — 78 � 4 4.5 � 1.0 2.9 � 0.2
PVA/GO/Gly 4 10 470 � 50 18 � 2 41 � 4 155.0 � 20.0 50.0 � 6.0
PVA/GO/Gly 4 20 250 � 25 27 � 2 31 � 3 175.0 � 20.0 45.0 � 4.5

Fig. 9 Stress–strain curves for the dampened films: PVA/GO con-
taining 4 wt% of GO (1), PVA/GO/Gly containing 4 wt% of GO and
10 wt% of glycerol (2) and PVA/GO/Gly containing 4 wt% of GO and
20 wt% of glycerol (3).
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Conclusions

Glycerol was used as a plasticizer to modify the mechanical
properties of PVA/GO composite lms. The addition of glycerol
does not disturb the uniform distribution of GO inside the PVA.
The presence of up to 4 wt% of GO in the PVA matrix leads to the
increase of Young's modulus and yield stress, however dramati-
cally decreases the elongation at break with the increasing of lm
brittleness. Plasticized with glycerol PVA/GO lms demonstrate
both Young's modulus and yield stress decrease and signicant
elongation at break increase, the brittle to ductile transition is
observed. The connection between the glass transition tempera-
ture of the composite material and mechanical properties of the
lms was shown. Glycerol does not crucially inuence the PVA
degree of crystallinity, and a signicant part of PVA still exist in
a crystalline state aer the plasticization, which allow to maintain
suitable mechanical properties along with the signicant rise of
the sample ductility. Water also serves as a plasticizer for PVA
which was conrmed by the even more ductility improvement for
the nanocomposite lms equilibrated at 33% RH, compared to
the annealed lms with less water content.
This journal is © The Royal Society of Chemistry 2020
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