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The influence of the compacted expanded polystyrene modified by polyvinylpyrrolidone
on the rheological properties of polyamide 6 and polystyrene are established in this work.
The modified expanded polystyrene significantly affects the dependence of the viscosity of
polyamide 6 melt on the shear stress, which is caused by physical interactions between the
components of the system, primarily between the functional groups of polyamide 6 and
polyvinylpyrrolidone. The effects of the temperature and the content of modified expanded
polystyrene on the flow behavior index, the constant of the rheological equation and the
activation energy of the viscous flow of polyamide 6 and polystyrene melts are revealed.
The polyamide 6 flow behavior index in the Newtonian region is independent of the
content of modified expanded polystyrene and temperature and is close to 1. The influence
of the modifier on the flow behavior index in the non-Newtonian region is more pronounced
at low temperatures. With an increase in the content of modified expanded polystyrene,
the effective viscosity of the polyamide 6 melt decreases, and the value of the shear rate of
the beginning of development of the anomaly of viscosity increases. The value of the flow
behavior index of the blends of polystyrene with modified expanded polystyrene increases
with an increase in the content of modified expanded polystyrene and does not depend on
the temperature. This is obviously due to an increase in the content of a component with
lower molecular weight and, consequently, an increase in the overall polydispersity of the
system.
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Introduction

The modern development of science and
technology requires the creation of new materials
with a complex of special properties. Among such
materials, on the basis of which it is possible to obtain
new composites with required operational properties,
special attention is paid to polyamides, which have
high strength and resistance to impact loads [1].
However, polyamides have a number of properties
that to some extent restrict their use as constructional
materials. First of all, these are increased water
absorption, large technological shrinkage and low
viscosity of melts. The improvement of the properties
of polyamides by synthesizing new representatives
of this kind of polymers is unlikely, since practically
all possible variants of compounds with an amide
group have already been synthesized and tested [2].
New composite materials can be obtained by

combining thermoplastics [3] and thermoplastics with
thermosetting plastics of different nature [4,5], in
particular, polystyrene (PS) and polyamide 6 (PA—6)
in the viscous state, including by using special
equipment [6]. The disadvantages of polyamide 6 as
a structural material can be eliminated by its
combining in a viscous state with an amorphous
hydrophobic polystyrene that is modified by
polyvinylpyrrolidone (PVP). The use of polyvinyl-
pyrrolidone for creating composite materials based
on blends of various thermoplastics of different nature
is caused by a combination of a set of unique
properties inherent to it, such as high activity to a
surface of different nature, controlled water
absorption, sorption capacity and the ability to
formation of complexes [7,8]. However, if in the
case of polyamide 6 it is possible to obtain
homogeneous blends with polyvinylpyrrolidone due
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to the ability to dissolve in a polyamide 6 matrix
when mixed in a viscous-flow state, then in the case
of polystyrene, the combination with
polyvinylpyrrolidone in the viscous state results in
the formation of a heterogeneous structure. To obtain
a modified polystyrene in which polyvinylpyrrolidone
is uniformly distributed at the molecular level, a
method has been developed which involves the
treatment of expanded polystyrene (EPS) or its wastes
in a continuous reactor with a heated butanol solution
of polyvinylpyrrolidone. As a result of the sorption
of polyvinylpyrrolidone with expanded polystyrene
and its gradual condensation, the modified expanded
polystyrene with a density close to the density of
polystyrene was obtained, in the volume of which
uniformly distributed 20 wt.% of polyvinylpyrro-
lidone.

Polymeric composite materials are chiefly
produced by injection molding [9]. Therefore,
understanding the essence of the rheological
properties of composite materials is very important
to establish optimal processing conditions, choose
the design of snap-in and power-strength parameters
of the equipment, and predict the mechanical and
physical properties of end products [10].

Materials and methods

Degassing EPS with simultaneous
polyvinylpyrrolidone modification was carried out
in butanol solution. To this end, the calculated
amount of PVP was pre-dissolved in butanol and
the prepared solution was loaded into a degasser
reactor together with the shredded EPS waste. The
process was performed at the temperature of 90°C
under continuous stirring for 1.5 hours. After
degassing, the modified EPS was unloaded from the
reactor and dried in a vacuum dryer at 60°C to reach
a constant mass. To fabricate polystyrene-polyamide
6 materials, the polyamide 6 (PA—6 120/321
OST—6—06—C9—83) and degassed modified
polystyrene (domestic and industrial waste
polystyrene (TU 6—05—1178—87) with a density of
20—50 kg/m?) were used.

Polymer blends of modified EPS and
thermoplastics were prepared using a Cellier
laboratory extruder which was equipped with a screw
(the length of 700 mm and the diameter of 25 mm).
The screw speed was 50 rpm. The temperature ranges
of the extruder zones for the blends based on poly-
amide 6 were 483—488, 498—503, and 513—518 K.
The temperature ranges of the extruder zones for
the blends based on polystyrene were 463—468, 478—
483, and 498—503 K. The final extrudate was crushed
in a gear-type crusher. The production of standard
samples of granular material was carried out by the

injection molding method using a thermosetting
machine Krauss Maffei KM 110—390 C2.

The flow curves of melting of polymer blends
were recorded by a MFI apparatus «IIRT—M» using
capillaries that had a length of 8 and 25 mm and a
diameter of 2.095+0.005 mm. The volume flow of
material in the capillary was calculated by the
following formula [11,12]:
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where S is the displacement of the piston, m; d is
the diameter of the piston, m; and t is the time of
movement.

The effective rate of displacement in the
capillary was determined using the expression:
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where 1 is the radius of capillary, m.
The tensile shear in the capillary was calculated
by the following formula:
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where P is the weight of cargo, kg; AP is the pressure
drop between the ends of the capillary; and L is the
capillary length, m.

The shear rate was determined by plotting an
auxiliary curve of the strain stress vs. the shear rate
in the logarithmic coordinates taking into account
the correction of Rabinovich and the Weissenberg-
Rabinovich method [12]. Differentiating the obtained
dependence allows obtaining the index of viscosity
anomaly from the slope of the curve. Hence, the
shear rate can be determined as follows:

(3n+1)
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where n is the flow behavior index (characterizing
the degree of non-Newtonian behavior).

The effective viscosity was calculated as the
ratio of the displacement stress to the shear rate:

n=-.
Y

The following rheological equation was used
to determine its constants:

(3)
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where t is the displacement stress of the polymer
mixture, Pa; n is the viscosity, Pa-s; y is the shear
rate, s!; n is the flow behavior index; E is the
imaginary activation energy of the viscous flow,
J mol™'; and m, is a constant that depends on the
nature of the material, Pa-s.

The activation energy of the viscous flow of
melting of polymers and their blends was determined
according to the following equation:

E, :2.303-R-lgM (7)

(1/T,-1/T)

where np, and n, are the viscosities of the material
at the temperatures T, and T,, respectively.

Results and discussion

The rheological properties of the materials
under study were evaluated by capillary viscometry
at various temperatures: at 503 and 513 K for the
compositions based on PA—6 with EPS modified by
polyvinylpyrrolidone and at 473 and 503 K for the
compositions based on PS with EPS modified by
polyvinylpyrrolidone.

The dependence of the effective viscosity on
the shear rate of melts of blends based on PA—6
with different contents of the modifying component
is shown in Fig. 1.

As can be seen (Fig. 1,a), the dependence of
the effective viscosity on the shear rate for PA—6
does not practically change up to the shear rate of
70 s7!; a further increse in the the shear rate causes
a deacrese of the effective viscosity as a result of the
development of the viscosity anomaly. The addition
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of the modified EPS does not change the character
of the rheological curves, however, the values of
effective viscosity and shear rate, at which the
viscosity anomaly occurs, change. This is especially
pronounced for small amounts of the modifier. Thus,
the value of the effective viscosity in the Newtonian
region is the highest (1400 Pa-s) and the viscosity
anomaly begins even at the shear rate of 30 s~! when
the modifier content is 1%.

A further increase in the content of the modified
EPS in the mixture leads to a decrease in the effective
viscosity to 1100 Pa-s, and the value of the shear
rate of the onset of the viscosity anomaly increases
to 50 s7!. Attention should be paid to the nature of
the dependencies in the non-Newtonian field in
which the opposite dependence is observed. Indeed,
a mixture of PA—6 with 1% modified EPS has the
lowest effective viscosity and the pure PA—6 is
characteristicted by the highest effective viscosity.

This feature of the dependence of the effective
viscosity on the shear rate can be explained by the
presence of polyvinylpyrrolidone in the modified
EPS, which is evenly distributed at the molecular
level and takes an active part in the redistribution of
intermolecular bonds in the polycaproamide with
the formation of hydrogen bonds between carbamate
groups of PVP and peptide groups of polyamide 6.
The redistribution of the bond contributes to the
creation of a denser fluctuation network and an
increase in the viscosity.

At a small content of the modified EPS, an
increase in the shear rate leads, first of all, to the
destruction of hydrogen bonds between carbamate
groups of PVP and peptide groups of polyamide 6.
This causes a decrease in the density of the fluctuation
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Fig. 1. Flow curves of blends PA—6 modified by EPS at 503 K (a) and 513 K (b). The content of the modified EPS, wt.%:
MH=-02)-16)—-5@%—-10
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grid and to the development of an anomaly of
viscosity at a lower shear rate. Some decrease in the
viscosity of blends with increasing the amount of
modified EPS can be explained by an increase in
the amount of a component with a lower viscosity.
Due to stronger connections between the functional
groups of the components of the mixture, the viscosity
anomaly begins at high shear rates. It should be noted
that the hydrogen bonds between peptide PA—6
groups persist even in the molten state.

An increase in the temperature leads to a
decrease in the effective viscosity of the blends and
does not affect the nature of the flow curves in the
Newtonian region (Fig. 1,b) [13]. A decrease in the
value of effective viscosity of the melts of the mixture
with an increase in the content of the modified EPS
is due to the fact that the strength of the hydrogen
bonds between the PA—6 macromolecules deminishes
more significantly at increased temperature than those
between the PVP and PA—6 macromolecules and
the presence of a large amount of the low-viscosity
component.

The effect of the modified EPS on the character
of the flow curves of a suspension PS is shown in
Fig. 2.

The effect of the modified EPS on the
rheological properties of polystyrene (Fig. 2) is
manifested in a decrease of the viscosity of the blends
with an increase in its amount without changing the
nature of the curves due to the absence of groups
that interact with PVP and an increase in the content
of a component with lower viscosity.

With increasing the temperature, the viscosity
of the melts of polystyrene-modified EPS blends
naturally decreases. The dependences of the relative
viscosity on the shear stress confirms the effect of
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Fig. 2. Flow curves of blends PS modified by EPS at 473 K.
The content of the modified EPS, wt.%: (1) — 0; (2) — 1;
B)=5@#-10

the modified EPS and temperature on the
development of the viscosity anomaly of the blends
PA—6 modified by EPS (Fig. 3) and PS modified by
EPS (Fig. 4).

The modified EPS significantly affects the
nature of the dependence of the viscosity on the
shear stress in the case of blends based on PA—6
(Fig. 3). After reaching a certain critical stress
(50+100 kPa), the nature of the curves changes which
is caused by physical interactions between the
components of the mixture. The lack of influence of
the modifier on the nature of the dependencies for
the blends based on PS (Fig. 4) confirms the absence
of specific interactions in the system.

The effects of the content of the modified EPS
and temperature on the effective viscosity at a
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Fig. 3. Dependence of the melt viscosity of mixture PA—6 modified by EPS on the shear stress at 503 K (a) and 513 K (b).
The content of the modified EPS, wt.%: (1) —0; (2) — 1; (3) — 5; (4) — 10
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Fig. 4. Dependence of the melt viscosity of mixture of PS
modified by EPS on the shear stress at different temperatures,
K: (1)—(4) 473, (2)—(8) 503. The content of modified EPS,
wt.%: (1), (5) = 0; (2), (6) — 1; (3), (7) = 5; (4), (8) — 10

constant shear stress for the blends under
consideration in various flow regions are shown in
Fig. 5.

In case of the blends based on PA—6, the
content of the modified EPS and temperature affect
the value of the effective viscosity in both Newtonian
and non-Newtonian regions. This influence at 503 K
is not the same for different fields. This confirms
that the density of the fluctuation grid formed by
hydrogen bonds between different functional groups
depends significantly on both the temperature and
the shear rate. In case of the PC-based blends, a
monotonic decrease in viscosity in both Newtonian
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and non-Newtonian regions indicates the absence
of specific interactions between the components of
the mixture. Increasing the temperature leads to a
decrease in the viscosity and the scope of the curve.

On the basis of rheological study, the constants
n, m, in the equation (6) and the activation energy
of the viscous flow, E,, were calculated. Viscous flow
is an activated process, the elementary act of which
is the movement of a segment from one equilibrium
position to another. The activation energy of the
viscous flow, E,, determines the energy that the
segment should receive as a result of the fluctuations
in thermal energy and which is necessary for
detaching the segment from the segments surrounding
it. The magnitude of the flow behavior index n shows
the intensity of the development viscosity anomaly
of the studied blends and the constant m,
characterizes the intermolecular interactions between
the components of the system [14].

Comparing the values of the rheological
constants for the blends PA—6 modified by EPS
(Table 1), it should be noted that the flow behavior
index n in the Newtonian region does not depend
on the content of the modified EPS and also the
temperature; it is close to 1. At the same time, the
effect of the modifier on the flow behavior index for
the non-Newtonian region is more significant at a
low temperature.

The highest manifestation of the viscosity
anomaly is observed for the mixture with 1% modified
EPS, which is caused by intermolecular interactions
between polar groups of PVP and PA—6. An increase
in temperature leads to a partial breakdown of these
bonds; therefore, the deviation of the flow behavior
index of the melts of blends becomes smaller than
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Fig. 5. Dependences of the effective viscosity of the blends PA—6 modified by EPS (a) and PS modified by EPS (b) on the EPS
content. (1) and (2) — the Newtonian flow region (t=4-10° Pa), (1°) and (2’) — the non-Newtonian flow region (t=6-10* Pa):
a— (1), (I’) -T=3503 K; (2), (2°) —T=513 K; b — (1), (1’) —T=473 K; (2), (2°) —T=503 K

Influence of modified compacted expanded polystyrene on the rheological properties of polyamide 6 and

polystyrene



40 ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2019, No. 1, pp. 35-41

Table 1
Influence of temperature and content of modified EPS on the constants of the rheological equation for PA—6
Content of n 10 o O
No-| Epg wt.9 503K S3K mo- 107, MPa-s™ | Eq, ki mol
1 0 0.59** 0.62 27.1 54.1
2 1 % 0.08 0.70 19.6 56.4
3 5 1.00 0.35 1.00 0.68 47.2 52.3
4 10 0.23 0.52 10.8 58.3

Note: * — Newtonian flow region (y=20 s™!); ** — non-Newtonian flow region (y=100 s™).

that of pure polyamide 6. This also affects the value
of the activation energy of the viscous flow, which
in this case weakly depends on the content of the
modified EPS.

The value of the flow behavior index of the PS
blends modified by EPS increases with an increase
in the content of the modified EPS and does not
depend on the temperature (Table 2). This is caused
by an increase in the content of a component with
lower molecular weight, and as a result, an increase
in the overall polydispersity of the blend. The
activation energy of viscous flow decreases with an
increase in the content of the modifier which can be
explained both by an increase of the content of PS
with low molecular weight and by the presence of
polyvinylpyrrolidone in the modified EPS, which,
due to low compatibility with PS, increases the
heterogeneity of the system. This leads to an increase
in the free volume of the polymer and a decrease in
the activation energy of the viscous flow. Significantly
low values of the constant m, in comparison with
the blends of PA-modified EPS confirm the absence
of interactions between the components of the
mixture PS-modified EPS.

Table 2
Influence of the temperature and the content of modified
EPS on the constants of the rheological equation for
blends PS-EPS in the Newtonian flow region*

Content of] n m,-10™, -
NolEpS wits[a73 K503 K| MPas® | oo K ol
1 0 |085]085| 238 100.1
2 1 ]090]090] 3.60 97.7
3 5 1093|093 677 945
4] 10 ]095]095| 1733 90.0

Note: * — y<10 s7'.

Conclusions

Thus, our findings indicate a significant effect
of the modified EPS on the rheological properties
of polyamide 6 and polystyrene, which, first of all,
can be explained by intermolecular interactions
between the components of the mixture. The

industrial tests confirmed the adaptability and
efficiency of the materials based on thermoplastic
modified by EPS to manufacture electrical and
structural products with enhanced performance, high
dimensional stability and reduced water absorption.
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BILIVB MOAVPIKOBAHOI'O YIIIJIBHEHOT'O
IIHOIIOJICTHUPOJIY HA PEOJIOITYHI BJIACTUBOCTI
ITOJIIKAITPOAMIAY I ITIOJICTUPOJIY

B.C. Mopascokuii, B.€. Jlesuyvkuii, A.C. Macrwk, Y.B. Xpom’ax

Bemanoenerno enaue modugikosaroeo noaigininnipoaioonom
YULINbHEH020 RIHONOAICMUPOAY HA PeON02IYHI 6AACMUBOCMI NOAIKAN-
poamidy i nosicmupony. Moodughixosanuii ninonoaicmupon cymme-
60 BNAUBAE HA XAPAKMeED 3aAeNCHOCMel 8 A3K0CMI PO3naagy noji-
Kanpoamioy 6i0 HanpyjceHHs 3Cy8y, W0 BUKAUKAHO @i3udHumu
83AEMO0IAMU MINC KOMNOHEHMAaMu cucmemu, Hacamneped mixc
yHKYIOHAABHUMU epynamu NOAIKanpoamioy i noaigiHiAnipoaioony.
Busieaeno enaue memnepamypu i emicmy mooughixoeanoeo yusine-
HeH020 NIHONOAICMUPOAY Ha [HOeKC meYii, KOHCIMAHMU PeoaoeitHO-
20 pieHsAHHS Ma eHepeilo akmueayii 6’13koi meuii po3naagie noii-
Kanpoamioy i noaicmupony. Indexc meuii noaikanpoamioy 6 Hvro-
MOHIBCHKOI 06aacmi He 3arexcums 6i0 emicmy MoOUDIK08AHO20 NIHO-
noaicmupony ma memnepamypu i 6auzekuii do 1; Ha HeHbrOMO-
HIGCOKIU OinaHyi énaue mooughikamopa Ha iHdekc meyii po3niagy
cymmesiue nposeasiemscs 3a HU3bkux memnepamyp. 3i 30invuier-
HAM éMicmy MOOUDIKOBaHO20 NIHONOAICMUPONLY IMEHULYEMbCS edheK-
mueHa 6 ’a3Kicmb po3naasy noAiKanpoamioy, a 3Ha4eHHs weuoKocmi
3Cy8y nowamky po3eumky avomanii 6 a3kocmi 3pocmac. Jis cymi-
wetl noaicmupoay 3 MooOupiKo8anum NiHONOAICMUPOAOM 3HAYEHHS
iHdexcy meuii 3pocmac 3i 30inbuleHHAM emicmy MOOUQpIK08AH020
niHonoaicmupoay i He 3anexcums 6i0 memnepamypu, w0, o4esuo-
HO, BUKAUKAHO 30inbUEHHAM 8MICIMY KOMHOHEHMA 3 MEHUIO MO-
NeKYASPHOI0 MACOI0, [ BHACAIOOK Ub020, 30iAbUEeHHAM 3a2aNbHOI NoA-
iducnepcrHocmi cucmemu.

KuouoBi caoBa: mostikanpoamin, IMiHOTOJICTUPOJ,
PeoJIoTiuHi BJIACTUBOCTI, CyMillli MTOJTiMEPiB, MOJIBIHIITIPOiNOH.

INFLUENCE OF MODIFIED COMPACTED EXPANDED
POLYSTYRENE ON THE RHEOLOGICAL PROPERTIES
OF POLYAMIDE 6 AND POLYSTYRENE
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The influence of the compacted expanded polystyrene modified
by polyvinylpyrrolidone on the rheological properties of polyamide 6
and polystyrene are established in this work. The modified expanded
polystyrene significantly affects the dependence of the viscosity of
polyamide 6 melt on the shear stress, which is caused by physical
interactions between the components of the system, primarily between
the functional groups of polyamide 6 and polyvinylpyrrolidone. The
effects of the temperature and the content of modified expanded
polystyrene on the flow behavior index, the constant of the rheological

equation and the activation energy of the viscous flow of polyamide
6 and polystyrene melts are revealed. The polyamide 6 flow behavior
index in the Newtonian region is independent of the content of modified
expanded polystyrene and temperature and is close to 1. The influence
of the modifier on the flow behavior index in the non-Newtonian
region is more pronounced at low temperatures. With an increase in
the content of modified expanded polystyrene, the effective viscosity
of the polyamide 6 melt decreases, and the value of the shear rate of
the beginning of development of the anomaly of viscosity increases.
The value of the flow behavior index of the blends of polystyrene
with modified expanded polystyrene increases with an increase in
the content of modified expanded polystyrene and does not depend
on the temperature. This is obviously due to an increase in the
content of a component with lower molecular weight and, consequently,
an increase in the overall polydispersity of the system.

Keywords: polyamide 6; expanded polystyrene; rheological
properties; polymer blends; polyvinylpyrrolidone.
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