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Effect of Graphite and Copper Nano-Particles on Free Volume Properties
of PVC/NBR Blends Studied by PAL Spectroscopy

Ehsan Gomaa*, Emad Hassan Ali

Department of Physics, Faculty of Science, Ain Shams University, Abbassia, 11566, Cario, Egypt

ABSTRACT

Positron Annihilation Lifetime (PAL) spectroscopy has been used to investigate the effect of different concentrations
of graphite and copper nano-particles in polyvinylchloride (PVC)/ butadiene-acrylonitrile copolymer (NBR) blends
on free volume properties of PVC/NBR nano composites. However, the miscibility of PVC/NBR blends was
investigated. The freevolume properties showed a negative deviation from linear additive relationship indicating
miscibility of two blends. In addition, this research was done to confirm the results of the previous study on the
same samples through the correlation between positron annihilation parameters and some of the properties studied.
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INTRODUCTION

The addition of polyvinyl chloride (PVC) to butadiene-acrylonitrile
copolymer (NBR) make a kind of rubberplastic mixture which
may have more desirable properties and reduce the cost. In the
NBR/PVC blend, an increasing PVC content would accompany
with an increase of the mechanical and thermal properties. The
main advantage of NBR/PVC blends over NBR is that they have

excellent resistance to ozone.

Graphite, which is naturally abundant, has been widely used as
conducting filler in preparing conducting polymer composites [1-3].
Conventional graphite fillers are usually micro-diameter powders.
In order to get a satisfactory conductivity, using conventional
graphite fillers, and composite loadings are usually as high as
15-20 wt% or even higher. This often results in a material with
poor mechanical properties and high density. Like many other
nanocomposites, a polymer nanocomposite made from graphite
nanopowder or nanosheets may have promising properties,
especially good electrical conductivity.

When positrons enter a condensed medium like a polymer, they
thermalize very rapidly by losing their energy by collisions with
the molecules. Thermalized positrons annihilate with electrons of
the medium. The positron can also form a bound state with an
electron, called positronium (Ps), which can exist in two spin states.
The singlet para-positronium state (p-Ps) with antiparallel spins has

a self-annihilation lifetime of 0.125 ns and it decays by the emission
of two photons. The triplet ortho-positronium state (o-Ps) with
parallel spins has a considerably longer lifetime and it annihilates
in free space into three photons with a lifetime of 140ns in
vacuum. In polymers, this o-Ps annihilates predominantly via a fast
channel called pick-off annihilation (with an outside electron of
the medium) by two-photon emission and its lifetime gets reduced
to 1-5ns. The o-Ps pick-off lifetime depends on the overlap of the
Ps wave-function with the wave-function of the electron in the free-
volume cavity. The larger the cavity size, the smaller is the overlap
and hence the longer is the lifetime [4]. Thus, the formation of
o-Ps and its yield in polymers is determined by positron lifetime
measurement, attributing the longlived component to o-Ps decay [5].

EXPERIMENTAL PROCEDURE

Materials

PVC resin isa white powder made by suspension polymerization with
K value of 67. It was supplied by El-Amerria Company (Alexandria,
Egypt). Acrylonitrile butadiene copolymer (NBR) from Bayer AG,
Germany with 32% acrylonitrile content and specific gravity 1.17 +
0.005 at room temperature was used. Tetrahydrofuran (THF) and
chloroform were reagent grade from Merck, Darmstadt, Germany.
The fine grade of copper with average particle size varies between

60-75 nm was obtained from BDH chemicals Ltd, Poole, England.
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Nano graphite powder produced by chemical disintegration of
graphite with average particle size 40 nm supplied by Nanjing
Emperor Nano Material Co., Ltd, China.

Preparation of NBR/PVC blends by the solution-casting

The required polymer solutions were prepared by the dissolution
of 5 g of the PVC in 100 ml of THF and 1.2 g of NBR in 100 ml
chloroform separately. Polymer blend films were prepared through
the casting of mixed solutions of different ratios (0/100, 10/90,
20/80, 30/70, 40/60, and 50/50) of NBR to PVC on a glass plate
with slow drying at room temperature. Care was taken to control
the uniform film thickness for all compositions. The film thickness
ranging from 0.35 to 0.45 cm was controlled by using the same
solution concentration of the polymers under investigation.

Preparation of NBR/PVC nanocomposites

PVC/NBR nanocomposites were prepared by the addition of 1, 3
and 5 wt% of copper or graphite to the previous prepared PVC/
NBR blends in the same manner as aforementioned.

Positron annihilation lifetime measurement

Positron lifetime measurements were carried out at room
temperature using a 11 u Ci*?Na source sealed between two kapton
foils (thickness less than 1 mg/cm?) with a small active diameter
of |2 mm in sandwich geometry with the pellets and a standard
fast-fast coincidence lifetime spectrometer. Two identical plastic
scintillator detectors fitted with Hamamatsu photomultiplier
tubes [H3378-50]NO. BA0828 with a prompt resolution of about
250 ps (full width at halfmaximum, FWHM) was used in the
present study. Lifetime spectra were recorded for each sample with
about 5 x 10°counts accumulated under the peak. After source
correction was determined using a properly defect free Silicon
sample, the lifetime spectra were analyzed in three components,
using the computer program LT 9.0 (6] which deduced finite and
long-term distribution analysis.

The three lifetime components are: the para-positronium (p-Ps)
component with lifetimes (t) and intensity (I)), free positron
components with lifetime and intensity (r, & L) and the ortho-
positronium (o-Ps) components (t, & L)) for the which is due to
pick-off annihilation in free volumes. The mean freevolume
radius (R) of holes can be calculated by using the following semi

empirical equation [4,5].

-1
R 1 . 2nR
17, =0.5|l-———+4—-sin =
R+AR 2% R+ AR
Where AR=1.66 A is the fitted empirical constant [5].

By fitting the above equation with the measured t;, values of R and
4
vV, =—mx R’
3

can be calculated (where the free-volume holes are assumed to
be spherical). The relative intensity of the longest component,
L, is generally correlated to the fractions of holes which can be
considered as trapping centres for Ps.

A semi-empirical relation may be used to determine the relative
fraction of the freevolume holes (F%) in polymers (4] as follows:
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The o-Ps annihilation lifetime distributions obtained from LT 9.0
analysis by using a spherical approximation of free-volume holes,
the free- volume probability density fraction as [7].

27R
(R+1.66)

/ {(R+1.66) K(R}4zR’}

-3.32cos -1ra(l)

V., (pdf) is the freevolume hole probability density function. K (R)
(K (R)=1.0+8.0 R), where 8.0 is taken from the ratio between the
positron trapping rate and the hole radius of voids) is a correlation
factor for the Ps trapping probability as a function of hole radius
R from the positronvoid size relationship [8]. The fraction of hole
volume between V, and dV, is V, (pdf) dV,. Detailed descriptions
in this regard can be found elsewhere [7].

RESULTS AND DISSCUSSION
Free-volume parameters in pure polymers

The free-volume hole parameters in pure PVC and pure NBR are
listed in Table 1. The results showed that PVC has a smaller size
and low fraction of free-volume holes than the corresponding free-
volume values of NBR. This is due to the chemical structure of
each polymer and also the degree of branching of the NBR.

The differences in sizes of the freewvolume holes between two
polymers can be seen more clearly in the free-volume hole size
distributions where the results of the free volume probability density
function V (pdf) are shown in Figure 1 for two pure polymers, PVC
and NBR.

Table 1: Freevolume parameters in pure PVC and pure NBR.

Polymer T,ns L% Vi (A)3 F %
PVC 2'590%571 6.036 +0.023 115.72 +0.40 1.1980 +0.011
NBR  2323:0.026 1820£053 127.83+0.17 4‘5%813 *

Figure 1: Free- volume hole size distributions for pure NBR and pure PVC
polymers.
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Free-volume parameters in PVC/NBR blends

The miscibility of PVC/NBR blend: Previous works [9,10] used
the free-volume parameters as a method to exam the miscibility
or immiscibility of polymer blends. Therefore, if the freevolume
parameters of the blends show a positive deviation from the
well-known linear additively rule, this means that the blend is
immiscible [11], whereas the deviation is negative, it means that
the blend is miscible [10,12]. The miscible polymer blend acquires
homogeneous nature and it is a single-phase system represents
compact packing of the polymeric segments due to change in
chain conformation [9]. Figures 2a and 2b is a plot of average size,
T,, of freevolume hole and its fraction, I,, as a function of wt%
of NBR in the PVC/NBR blend. The dotted line represents the
linear additive relationship. The observed change in the 1, and I,
shows negative deviation from additive rule which can be used to
conclude that PVC/NBR blend is miscible. Since, the free-volume
parameters (t, and [,) deviate negatively from the additively rule
suggests improved interaction between the blend constituents.
This happens due to the carboxyl group (proton acceptor) in NBR
capable of specific interaction with the alpha hydrogen of PVC
which leads to miscibility of the two polymers. On the other hand,
we notice that as the NBR concentration is increased in the blend,
the size (173) of freevolume holes decreases and it is well below the
expected values from the additively rule, indicating comparatively
close packing of the chain segments.

Lifetime distribution of PVC/NBR blend: The miscibility

T3
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between two polymers can be seen more clearly in the free-volume
hole size distributions. Figure 3 represents the free-volume hole size
distributions of PVC/NBR blends. In the figure, it is observed that
the blend is expected to exhibit a narrower distribution at 20% and
30% NBR and the distributions are shifted to the left indicating
the compatibility and homogeneity of these compositions. The
observed trends are consistent with the results obtained by finite
analysis (Figure 2a).

Free-volume properties in PVC/NBR nanocomposites

Variation of positron annihilation lifetime parameters with the
filler content: The dependence of positron annihilation lifetime
parameters (t,, [, T,and I,) of PVC/NBR blends on the nano-grapite
and nano-copper contents is shown in Figures 4 and 5. From these
figures, three stages can be distinguished of the nanocomposites.
The first stage from 100 PVC/0 NBR to 80 PVC/20 NBR while
the second stage lies between 80 PVC/20 NBR to 60 PVC/40 NBR
and the third stage is between 60 PVC/40 NBR and 50 PVC/50

NBR. Some general observations can be deduced from the results;

I. The behaviour of the positron annihilation parameters are
almost the same as a function of copper (Cu) and graphite (G)
content through the three stages.

II. Highest value of free-volume parameters (173 and 13) and lowest
value of the free positron annihilation parameters (t, and 1,) at

50/50 PVC/NBR nanocomposites.

Figure 2: Variations of (a) o-Ps lifetime 1, and, (b) its intensity I, with NBR ration in PVC/NBR blends.

Figure 3: Free- volume hole size distributions for PVC/NBR blends.

Mod Chem Appl, Vol. 7 Iss. 2 No: 269
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III. Free-volume parameters for the graphite (G) filled composites
have higher values than those of copper (Cu) filled composites.
Regarding to the third observation, the particle size of the filler
and its surface area can change highly the physical properties
of the composite [13]. Since graphite has smaller particle size
(40 nm) and larger surface area than those of Cu (60 nm), so
the probability of filling the free- volume holes is expected to
be smaller than that in Cu composites, which results in larger
values of free-volume hole parameters.

During the first stage, the behaviour of PVC/NBR/Cu
nanocomposites showed continuous decrease in freevolume hole
size (173) while an increase follows by a sharp falling in case of PVC/
NBR/G between 90PVC/10NBR/G and 80PVC/20NBR/G,
indicating that there is a change in the microstructure of the
composites. To interpret this observation, it should be mentioned
that adding fillers, Cu or G, to blend matrix inhibits the o-Ps
formation due to filling up some of the free volume holes in blend
matrix and as a result the size of these holes decrease [14,15].
Furthermore, the strong interaction between filler and PVC/NBR
blend and the obstacles effect caused by the filler can effectively
restrain the motion of polymer chains. On the other hand, layers
structure of graphite is the reason for the behaviour of PVC/
NBR/G nanocomposites. The addition of the polymer chains in
graphite cause separation of the layers, one another and the layers
are dispersed within the polymer matrix, which increase inter layer
spacing then an exfoliated structure is formed and this is confirmed
by the first increase of freevolume hole parameters. Besides, the
polar groups on graphite surface e.g. -OH and -COOH, might
interact physically and chemically strong interfacial interactions

with a-hydrogen of PVC [15], which reduced the mobility of the
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polymer leading to a sharp decrease in the size of free-volume holes
as shown in (Figure 4).

In the second region, (80 PVC/20NBR to 60 PVC/40 NBR)
the microstructure of the nanocomposite is unchanged in its
appearance, where the free positron annihilation parameters are
constant. This might be rearrangement of structure will occurs in
a limit extent. However, in case of PVC/NBR/G nanocomposites
may be the intercalated structure formed when the polymer is
inserted in inters layer spacing of graphite which decreases the
electrostatic force between the layers, and increases the spacing to
allow the polymer enters between layers. Therefore, the graphite
layers are still in array periodically called ordered intercalated
nanocomposite which leads to formation of free-volume holes with
constant sizes as shown in Figure 4.

On the other hand, during the two stages, no variation is observed
in the fractions of freevolume holes (I,) and the fraction of the
defects in crystalline amorphous region (I,) while a little decrease
is observed in T, (Figures 4 and 5). In such case the positron has a
higher probability to annihilate in the filler than to form o-Ps.

In third region, (60 PVC/40 NBR to 50 PVC/50 NBR) an abrupt
increase in T, and I, while a decreasing in 1, and [, is observed.
This can be interpreted as follows: increasing of NBR content in
nanocomposites decrease the stiffness of the blend which leads to
increasing of the size and the fractions of free-volume holes. This
also might be attributed to formation of clusters [15] of graphite
and copper where NBR content increased in the blend. On the
other hand, the present of filler and NBR increasing the polarity
in nanocomposites which causes a decrease in annihilation of free
positrons as observed as a sharp decrease in T, and L.

Figure 4: Variations of o-Ps lifetimeT, and its intensity [, in PVC/NBR blends with graphite (G) and copper (Cu).

Mod Chem Appl, Vol. 7 Iss. 2 No: 269
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Figure 5: Variations of free positron annihilation lifetime 7, and its intensity I, in PVC/NBR blends with graphite
(G) and copper (Cu).

Figure 6: The correlation between free-volume parameters (R and F %) with tensile strength, and free positron
annihilation lifetime (t, and I, ) with electrical conductivity of PVC/NBR nano-composites.

Mod Chem Appl, Vol. 7 Iss. 2 No: 269
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To confirm the previous results [15] of mechanical and electrical
properties on the same samples a correlation established between
positron annihilation parameters and some of these properties.
Ward et al. [15] concluded that the tensile strength decreases while
elongation at break increases with increasing as the filler loading
increases in all composite samples. In addition to the values of
conductivity for the nanocomposite of 50 PVC/50 NBR filled with

5% copper belongs to materials characterized as semiconductors.

Figure 6 shows correlation between free-volume parameters (R
and F%) with tensile strength and elongation at break as well as
the intermediate lifetime components (t, and 1)) and electrical
conductivity (c). Figure 6 shows a negative correlation between
free-volume parameters (R and F%) and tensile strength while a
positive correlation is observed with elongation at break.

The increase of tensile strength at low concentration of filler is
due to the good fillerblend interaction as a result of better filler
dispersion in the polymer matrix. At high filler concentration,
the interaction between filler and the blend matrix is hindered,
resulting in low tensile strength and free volume hole parameters.

The addition of filler increases the electrical conductivity of
nancomposite to semiconductor materials. However a negative
correlation between free positron annihilation components (I, and
7,) and © was observed (Figure 6). This negative correlation is due
to the polarity of the filler being higher than that of the blend
itself which leads to an increase in electrical conductivity and an
inhibition of free positrons annihilation.

CONCLUSIONS

The following conclusions can be drawn from the above discussion.

e PAL results showed that pure PVC has a smaller size and
low fraction of free-volume holes than the corresponding
free-volume values of pure NBR.

e The observed change in the 1, and I, shows negative
deviation from additive rule which indicates that PVC/
NBR blend is miscible.

¢ The behaviour of the positron annihilation parameters are
almost the same as a function of copper (Cu) and graphite
(G) content.

¢ The behaviour of PVC/NBR/Cu nanocomposites showed
continuous decrease in freevolume fraction (t,) while an
increase follows by a sharp falling in case of PVC/NBR/G
between 90PVC/10NBR/G and 80PVC/20NBR/G,
indicating that there is a change in the microstructure of
the composites.

¢ Due to smaller particle size and larger surface area of G than
those of Cu, the probability of filling the freevolume holes
is smaller in G than that in Cu composites.

* The highest value of free-volume parameters (t, and L) and
lowest value of the free positron annihilation parameters (t,

and L) is observed at 50/50 PVC/NBR nanocomposites.
e The

properties and positron annihilation lifetime parameters

correlation between the mechanical, electrical

confirmed the previous results by Ward et al. on the same
samples.
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