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Abstract

The obtaining technology of nanocomposites based on polyamide-6 and organomodified montmorillonite is
developed. The technological parameters of extrusion and injection molding, and their influence on the formation
of nanoscale inorganic phase of the polyamide are investigated. Morphology and thermal behavior of polyamide-6,
composites based on polyamide-6 and modified montmorillonite are studied by WAXS, XRD, DTA and DSC data.
Morphology and thermal behavior of polyamide-6 and composites based on polyamide-6 and modified
montmorillonite are shown to be in a strong juxtaposition. New y-phase formation is revealed in composite
polyamide-6 - 1-2 % of modified montmorillonite in contrast with polyamide-6 and mechanical mixtures of
polyamide-6 and montmorillonite. Optimal concentrations of modified montmorillonite in the composites stated as
1 - 2 % are shown to correspond with composites improved properties as compared to initial polyamide-6. It is
explained by increasing crystallinity degree, which resulted from acting of modified montmorillonite particles as
nucleation heterogenetic agents.

Keywords: extrusion; montmorillonite; delamination; nanocomposites; crystallinity degree.

TEXHOJIOI'IA OTPUMAHHA HAHOKOMITIO3UTIB HA OCHOBI I10JIIAMIJA-6
TA OPTAHOMOJAHUPIKOBAHOI'O MOHTMOPUJIOHITA

KoctsauTun M. Cyxuii*, Osiena A. benssHoBcbka, Muxaiino I1. Cyxui, Bitaniii 1. ToMiso,
PomaH /I. JIuTOBYEHKO
/JIBH3 «Ykpaincbkull depscaHull XiMiko-mexHo02ivHull yHisepcumemy, np. ['azapina 8, [[Hinpo, 49005,
Ykpauna

AHoTaliga

Po3p06/i1eHO TexXHO0JIOTil0 OTpPMMaHHS HAHOKOMIIO3UTIB Ha OCHOBi moJiaMmigy-6 Ta opraHoMoAu¢iKOBaHOTo
MOHTMOPWJIOHITY. /lOC/AiJKeHO TexXHOJIOriyHi mapamMeTpu eKcTpy3ii Ta JIMTTA 0HiA TUCKOM Ta iX BIUIMB Ha
dopmyBaHHA HaHOJMcIepCHOI HeopraHiyHoi ¢asu mosiamiay. MopgoJioria Ta TepMiyHa NoBeAiHKa moJjiamiay-6,
KOMIIO3UTiB Ha OCHOBIi moJjiamiay-6 Ta MoAUpiKOBaHOTO MOHTMOPH/UIOHITY BHBYeHi 3a gonmomoror WAXS, XRD,
DTA Ta DSC. lloka3aHa siKicHa BigMiHHicTB MopdoJiorii Ta TepMiuyHOI NMOBeAIHKU MoJliaMiAy-6 Ta KOMNO3MTIB Ha
OCHOBi moJsiamiay-6 i mMogudikoBaHOr0O MOHTMOPWUIOHITY. B ckiaai mosiamiay-6 - 1-2% moaudikoBaHOro
MOHTMOPI/VIOHITY B NOPiBHAHHI 3 moJiiaMifioM-6 Ta MexXaHIYHMMH cyMillaMM noJjiiamizy-6 Ta MOHTMOPHJIOHITY
BUSIBJIEHO HOBe YTBOpeHHsA Y-¢a3u. [loka3aHo, 0 oNTUMa/JIbHi KOHIeHTpanii MoAUpiKOBaHOTO MOHTMOPUJ/IJIOHITY
B KOMIIO3UTAX, sIKi BKa3aHi K 1-2%, BiANOBiAalTh MOJINIIEHUM BJIACTUBOCTAM KOMIIO3UTIB y NOPiBHAHHI 3
BUXiJHUM MNoJ1iamMizoM-6. Ile MOsACHIOETbCA 36i/JIbIIEHHAM CTyNeHs1 KPMCTAaJUHHOCTI, 10 BUHMKA€E BHACIIAOK Ail
MoaMpiKoBaHUX MOHTMOPHU/IOHITHUX YaCTUHOK K 3apOJKOBHUX reTepoOreHHUX areHTiB.

Kawuosi ciosa: ekcTpysisi; MOHTMOPUJIOHIT; leJlaMiHallisl; HAHOKOMIIO3UTH; CTYNiHb KPUCTAJIUHHOCTI.
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TEXHOJIOTHUA INIOJIYYEHHUA HAHOKOMIIO3UTOB HA OCHOBE IIOJIMAMHU/JA-6
U OPTAHOMOJANUPUITUPOBAHHOI'O MOHTMOPU/IJIOHHUTA

KonctanTuH M. Cyxoit*, Enena A. BesasinoBckasi, Muxaw I1. Cyxo#t, Butanuit Y. Tomuio,
PoMman /I. JIuTOBYEHKO

I'BY3 «YkpauHckutl 2ocydapcmeeHHblil XUuMUKo-mexHo/02u4eckull yHusepcumemy, np. l'azapuHa 8,
JHunpo, 49005, YkpauHa

AHHOTan Mg

Pa3spa6oTaHa TeXHOJIOTHs NOJy4YeHUs HAHOKOMMNO3MTOB Ha OCHOBe MNOJIMaMHMAA-6 U OPraHOMOJMPHMKOBAHOTO
MOHTMOPW/IJIOHUTA. HcciiefoBaHbl TeXHOJIOTMYEeCKHe NapaMeTpbl 3KCTPY3MHM U JIMThA NOJ, JaBJe€HHEM H HX
BJ/IMsIHME Ha ¢OpMHMPOBaHHE HAHOJAMCIEPCHBIX HeopraHudeckoi ¢assl nojauamMuja. Mopdosiorus u TepMuyecKoe
nopejieHUe MNOJMaMHJa-6, KOMIO3UTOB Ha OCHOBe MOJMaMHJAa-6 M MOAMPUIMPOBAHHOTO MOHTMOPMJ/IJIOHHUTA
usydeHnl ¢ nomompbio WAXS, XRD, DTA u DSC. [lokazaHo KaueCTBeHHOe pa3jinyue Mop}o/ioruu U TepMU4eCcKOro
NnoBeJieHUs NoJIMaMHAA-6 M1 KOMIO3UTOB Ha OCHOBe MOJMAaMHUAa-6 U MoAUPUIMPOBAHHOr0 MOHTMOPHU/UIOHUTA. B
cocTaBe NojJuamMupa-6 - 1-2% MoaMPUIMPOBAHHOr0O MOHTMOPW/IJIOHUTA IO CPaBHEHHMI0 C NOJHAMHJOM-6 M
MeXaHUYeCKUMHM CMecAMH NOJIMaMHAA-6 M MOHTMOPM/IVIOHMTA OGHapy»KeHo HoBoe oGpa3oBaHue Y-(asbl.
Iloka3aHo, YTO ONTHMaJIbHble KOHLleHTPalu MOJMPHIUPOBAHHOI0O MOHTMOPHU/UVIOHUTA B KOMIIO3UTAX, KOTOpbIE

cocTaBagaioT 1-2%,

COOTBETCTBYIOT YJ/JIYyYLII€HHBIM CBOMCTBAM KOMIIO3UTOB IO CpaBHEHHK C HCXOJHBIM

nonnamnnom-& ITOo 06'bACHAETCA YBE€JINYE€HHUEM CTENIEHU KPUCTAJIMYHOCTH, BOBHUKAKWIIEM BC/JIeACTBUE ,Z[el‘;lCTBI/lﬂ
MOAI/l(l)l/II.lI/lpOBaHHle YacCTUI MOHTMOPHJ/IJIOHUTA KAK 3apOAbILIEBbIX TeTEPOTr€HHbIX Ar€HTOB.

Karuesvie cnosa: 3KCTPYy3HUd; MOHTMOPHWUJ/IJIOHUT; AeJIaAMUHALUA; HAHOKOMIIO3UTLI; CTEIIE€Hb KPUCTAJJIMIHOCTH.

Introduction

Modern trends for development and applying of
polymeric materials concern with search for rational
solutions to give a new properties to bulk polymers
[1-3]. Design of polymeric nanocomposites based on
engineering polymers is a relevant objective.

Physical and mechanical characteristics are
determinant factors when changes accompanied
transitions from macro- to nanostructure
investigated [4-6]. When nanocomposites based
on various polymeric matrixes, substantial
increasing of physical and mechanical properties
of composites is sufficiently observed as a natural
and predicted result with relatively little
concentration of clay mineral. Such changes of
polymeric composites properties are peculiar to
macro-nanostructure transition [7-9].

Layered silicates as nanoscale heterophase
have a high demand for obtaining of polymeric
nanocomposites [10]. Layered silicates, in
particular montmorillonite, have a specific matrix
structure causing their uniquel properties [11;
12]. For example, montmorillonite primary
crystal elements (layers) can be expanded in
water media. This process allows for sizable
organic cation intercalation into interlaminar
space resulted from replacements of metal
cations. Subsequently, such modified layered
silicates can be delaminated up to elementary

nanosized layers during overlaying with
polymeric matrix.
Physical and mechanical properties are

affected by the next factors: size and shape of
filler particles, filler particles orientation and

their relative positions in the matrix, filling ratio,
filler-binder interaction, polymeric matrix
characteristics [13-15].

Numerous reports describing the preparation
and characterization of polymer-based clay
involved reinforcing a polymer with modified
clay (ceramic type filler) verify a considerable
improving the degree of homogeneity and
adhesion between the organic (polymer) and
inorganic (clay) components when reactive
organoclay applied [16; 17]. It results in greatly
enhanced properties of the hybrid materials, i.e.
mechanical [18-20], thermal [21; 22] and barrier
[17; 23; 24].

Also, consideration must be given to extrusion
and pressure casting technical parameters
influence over physical and mechanical
properties when products obtained.

Experimental

Polyamide-6 (PA-6) and montmorillonite
modified with polyionene are used to obtain
nanocomposites. Montmorillonite modification
includes the next steps eluctration of
montmorillonite fraction; preparing of 1 %
bentonite water dispersion; desilting of
dispersion during 1 hour followed by separation
of montmorillonite dispersion; separation and
drying of precipitate; preparing of 1 %
montmorillonite suspension, desilting during
1 hour and decantation of high disperse fraction;
immixture with water at ratio 1:100, disilting
during 1 hour and decantation of high disperse
fraction. Elutriation is repeated 3-4 time.
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Moisture removal from polyamide-6 is carried
out by drying at 60 °C during 4 hours. Then
modified montmorillonite is mechanically
inmixed with polymer. Obtained mixture is
loaded into bunker of screw-disk extruder ED-2.2
(screw rotary speed is 50-250 revolutions per
minute, screw diameter is 45 mm, length-
diameter ratio is 8, disk diameter is 120 mm, disk
backlash is from 3 to 88 mm).

Composite extrusion is carried out at definite
extruder screw rotary speeds and modified
montmorillonite-polymer ratio.

Extrudate is disintegrated in the rotor
breaking machine ShR-100. Obtained granulate is
dried at 60 2C during 2 hours.

Standard samples to study are obtained by
pressure casting on injection-molding machine
«Kuasy 25-32» in optimal temperature range for
each of polymers.

Research is conducted in the next directions:

1. to study thermomechanical effect
influence during screw-disk extrusion over
layered montmorillonite structure delamination
extent;

2. to determined the possible range for
polymeric matrix propertied characteristics
resulted from organomodified montmorillonite
introduction;

3. to develop the mathematic model for
screw-disk extrusion that describes viscoelastic
polymers properties and allows determining the
operating parameters affected thermomechanical
transformations of layered silicates in polymeric
matrix and to extrapolate processing regimes of
intended properties products obtained in
laboratory conditions up to equipment with
determined output.

Results and discussion

Rheological equations of non-Newtonian fluid
state applied in commonly used mathematic
models of screw-disk extrusion processes are not
fit to behavior of polymer melt by delaminated
layered silicates. Consequently, White-Metzner
characteristic equation of highly elastic fluid
should be applied because of it describes polymer
composites rebound properties, generation of
direct stresses Bisenberg effect. Constructive
peculiarities and extrusion carrying conditions
allow applying the following simplification:
material movement in the extruder disk space is
plain, forcible, constant flow of continual
viscoelastic fluid between two disks in isothermal
conditions.

Sliding component is calculated by [25]:

12 = K (W 'r/B)M/n (1)

where K is a consistency index,

Bis a distance between disk and case;

W is disk rotary speed;

ris disk radius.

Direct stresses are determined according to
[14]:

= (K2/G-n)-(L/A+n))-W-R/B)” (2)

where R is disk radius.
Volume flow rate is calculated as:

z-r n ., W-r,
o) G ) (4(3

Q=( )1/n (2r)1/n
‘n
(3)
Where L is screw length.
Hold-up time of polymer melt in the space of

intensive  thermomechanical influence is
determined by:
_2z-B ? _7-B-R® R2 r’
(1+—= 4)
! (+=)

Mathematic model of screw-disk extrusion
allows  determining the following flow
parameters polymer composite melt in the disk
unit: deformation rate distribution in gap disk
section, composite hold-up time in intensive
thermomechanical influence area, motion
trajectory of composite flow, sliding and normal
component of stress deformation tensor. These
parameters allow for calculation power
characteristics of delamination processes.

Mathematic model is applied for calculation of
optimal technological regimes and initial data for
design of engineering equipment based on
unobservable process parameters values which
are invariant to device geometrical dimension, i.e.
deformation rate, shear deformation and
composite hold-up time in extruder disk space.

Operational conditions optimization during
screw-disk  extrusion is carried out by
combination of mathematical and physical
methods of model analysis. To perform the
physical model analysis of material behavior
during processing influence of operating
parameters on material properties and
characteristics of products manufactured with it
are studied in laboratory conditions. The
operational parameters for obtaining of superior-
processing products are determined based on
these data.
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During process physical modeling influence of
operating parameters of processing on inorganic
nanophase during extrusion process is studied on
screw-disk extruder ED-2.2.

Influence efficiency is estimated by change in
rheological properties of material melt when
various thermospeed rates used for change in
viscosity indicates material transformation.

Melt deformation of polymer matrix and
organomodified layered silicates are known to be
accompanied with transformations correlated by
layered structure destruction and nanophase
formation in polymer matrix. It results in
significant changing in obtained composite
physical-and-mechanical properties as compared

to initial polymer matrix. It causes of applying of
delamination factor as crucial criteria for
extrusion process quality.

Influence of total shear deformation and
nanocomposite hold-up time under intensive

(2]
(e

, MPa

Tensile strength

Fig. 1. 3D plot of tensile strength vs. extrusion
temperature and shear velocity of composite PA-6+2 %
organomodified montmorillonite

kJ/LnZ

Charpy impact
strength,

Fig. 2. 3D plot of impact strength vs. extrusion temperature
and shear velocity of composite PA-6+2 % organomodified
montmorillonite

thermomechanical treatment on polymer
inorganic nanocomposites is studied when
processing temperature or shear velocity varied
in a wide range. The relationships between
tensile strength or impact strength of
organomodified montmorillonite composites PA-
6+2% and shear deformation in the disk space
and extrusion temperature are given on Fig. 1
and Fig. 2.

The relationships tensile strength and impact
strength of unmodified montmorillonite
composites PA-6+2% vs. shear deformation in
the disk space and extrusion temperature are
given on Fig. 3 and Fig. 4.

Characteristics of studied composites based on
PA-6 after processing with screw-disk extrusion
are given in the Table 1 when optimal operational
parameters applied.
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Fig. 3. 3D plot of tensile strength vs. extrusion temperature
and shear velocity of composite PA-6+2 % unmodified
montmorillonite
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Fig. 4. 3D plot of impact strength vs. extrusion temperature
and shear velocity of composite PA-6+2 % unmodified
montmorillonite
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Table 1

Physical-mechanical properties of polyamide-6

Content of
montmorill
onite
Montmorillonite modified by
content, polyionene,
% wt. % wt.
Characteristic 0 1.2 5 1 2 5
Tensile strength, MPa 31 40 37 33 46 47 35

Charpy impact strength 32 28 24 21 68 76 51

(with notch), k] /m?
Extension coefficient,% 29 22 18 10 35 35 17

Initial polyamide physicomechanical
properties are essentially independent of
extrusion operational parameters. Variation
range of physicomechanical parameters is 10-
15 %. Evidently, external behavior of tensile
strength is resulted from change in polymer
molecular mass in flexing area.
Physicomechanical properties variation of
polyamide filled with unmodified
montmorillonite is typical for trivial filled
polymer system, i.e. impact strength drops when
tensile strength increased.

Well-defined dependence between structure
and tensiles is observed. When 1 % of initial
montmorillonite added into polyamide, tensile
strength is observed to be increased by about
30 % of magnitude, impact strength and linear
strain being decreased by 11 % and 23 % of
magnitude, respectively. As content of the initial
montmorillonite in polyamide increased to 2 %,
tensile strength is observed to be increased by
19 %, decreasing of impact strength and linear
strain is 24 and 36 %.

When montmorillonite content in
montmorillonite occurred to be 5 %, tensile
strength increasing is stated to be much less
apparent, it being 6 %. Impact strength and
extension coefficient are registered to reveal
substantial decrease down to 32 % and 62 % of
magnitude, respectively. So, non-expediency of
montmorillonite concentration in composites
polyamide-6 - montmorillonite higher than 2 %
is becoming apparent. Obviously, change in
processing regime (variation of sliding tensions
in extrusion area) does not result in destruction
of crystal structure of unmodified
montmorillonite.

Physicomechanical properties of composite
based on polyamide-6 are taken to the next level
by applying modified montmorillonite. This is
resulted from montmorillonite structure
destruction and formation of nano-sized discrete
phase in polymer matrix, it being accompanied by

a 2-3 order of magnitude increase of
montmorillonite-polymer-matrix interaction
surface and formation of interfacial transition
layers which determine strength characteristics
of the whole polymer composition. Because of
great of magnitude surface energy of individual
montmorillonite plates’ interaction between
montmorillonite nanoparticles (lamenes) and
polymer matrix chain is reinforced, it being
resulted in formation of qualitatively new
composition structure and accompanied with by
increasing of strength characteristics.

It should be noted that viscosity of the
samples obtained at processing temperatures
240 - 250 °C is higher of magnitude as compared
to initial raw ones.

When temperature increased above 260 °C,
viscosity is observed to be decreased down to
values below initial PA-6 viscosity.

Strength is varied only slightly when
temperature increased to 260-270 °C.
Nevertheless, samples obtained at 260 °C exhibit
a little more large magnitudes.

Investigation of properties of composites
processed at shear velocities 100-400 st
determined  with  extruder  construction
possibility and temperature processing 250 °C
revealed the following peculiarities. In the melts
of the composites filled with 2 9% of
organomodified montmorillonite at the shear
velocities 100 and 200 s effective viscosity is
shown to increase to 32 and 25 % as compared to
initial polyamide viscosity. The maximal strength
is registered for composites processed at the
shear velocity 200 s-1.

When shear velocity increased to 300 s-1, melt
viscosity is decreased to about 40 % of
magnitude, relaxation spectrum curve shift to
lower relaxation time being observed. This
phenomenon was not registered earlier. Change
in delamination rates is revealed to result in
some degradation of physicomechanical
properties.

Samples processed at shear velocity 400 s-1
exhibit effective viscosity sharp decrease of half
scale. Sumultaneously, tensile strength sharp
decrease is revealed. These data confirm the
destruction processes proceeding.

When short-term processing regime influence
on rheological properties of composites based on
polyamide studied at 260 °C, monotone decrease
of melt viscosity is noted as shear rate increased
in extruder disk area. Strength characteristics are
observed to be significantly worse. Consequently,
temperature increasing over than 250 °C is



14

Journal of Chemistry and Technologies, 2018, 26(1), 9-19

founded to adversely affect material properties
and accelerate destructive processes.

Investigation results raise the wide possibility
for regulation of rheological and
physicomechanical properties of composites
based on PA-6 and montmorillonite due to
change in parameters of thermomechanical
influence on delamination processes of
montmorillonite layered structure.

Both substantial improvement of products
based on PA-6 and 2% organomodified
montmorillonite at the processing temperature of
250 °C and shear rates 200-300 s! and
properties deterioration under a different set of
conditions are observed. These are resulted from
change in molecular mass and PA-6 distribution
on molecular mass during extrusion with
organomodified montmorillonite. These changes
have an effect on rheological properties of
material melt.

So, when even 1% of modified
montmorillonite introduced into polyamide,
tensile strength is appeared to increase by 50 %
of magnitude as compared to initial
montmorillonite. Impact strength and extension
coefficient are increased by 114 % and 22 %,
respectively. When modified montmorillonite
concentration in polyamide increased from 1 %
to 2 %, tensile strength and extension coefficient
are registered to change little. By contrast, impact
strength is raised by 140 % and occurs to be
76 k]/m2 as compared to 32 kJ/m?2 for initial
polyamide. Composition enrichment with
modified montmorillonite up to 5 % results in
extension coefficient decreasing by 40 %, tensile
strength and impact strength being increased
only by 12 % and 61 %. So, concentration of
2wt.% of montmorillonite modified with
polyionene is optimal for composition based on
polyionene-6.

The similar tendency of improving of physical
and mechanical properties is observed for
compositions based on polystyrol, but it being
less  detectable. For example, at the
concentrations of modified montmorillonite of 1
and 2 % in the polystyrol tensile strength is
increased by 21 % and 28 %. Impact strength is
grown by 12 % and 27 %, and extention
coefficient being increased by 192 % and 212 %.
It should be noted that stretching of the samples
of the composition polystyrol - 2 % modified
with polyionene montmorillonite is accompanied
by even neck-down which confirms the

substantial changes in structure. Increasing of
modified montmorillonite concentration in
polystyrol to 5 % is accompanied by decreasing
of impact strength by 23 % and extension
coefficient by 9 %. The polystyrol composite
tensile strength is almost unaffected.

Obtained data confirm adequate processing
parameters resulting in substantial increasing of
mechanical properties of products based on
polymer nanocomposites.

These effects could be explained by two main
reasons. First, in the disk gap shear velocities of
102 - 10% s'1 could be realized during various time
intervals. It results in nanoaggregates fission into
separate elements with free radicals those allows
to produce new bonds. Second, these elementary
nanoparticles are equidistributed in throughout
polymer matrix developing more branching

contact surface between nanoparticles and
polymer melt.
Results of physicomechanical trials of

composites and structural investigations indicate
nanostructure formation in the polymer
composites.

Montmorillonite layered structure
delamination speed rate criteria values and
physicomechanical properties have been
analyzed. The data obtained during tests of
samples of composites processed with various
operational regimes were compared. Estimation
criterion can be proposed for physicochemical
transformations occurred in composite during
change in thermomechanical influence. The
optimal regime for polymer nonocomposites
processing with applied extruder for obtaining
products with improved physicomechanical
characteristics is determined as processing
temperature 250-260 °C, disk speed rate 100-
110 rev. per min., that provide with shear speed
200-300 s - and hold-up time in disk area 8-9 s,
total shear deformation 7500-8500.

Based on mathematic model of screw-disk
extrusion input data to project apparatus with
capacity of 500 kg/h and operational parameters
of processing of nanocomposites based on
polyamide and organomodified montmorillonites
in products with desired properties were
calculated.

To determine optimal operational parameters
of pressure casting composites mechanical and
thermophysical properties VS. casting
temperature characteristics were studied. These
results are given in the Table 2.
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Table 2
Characteristics of nanocomposites based on polyamide-
6 as a function of pressure casting temperature
(concentration of montmorilonite modified with
polyionene 2 %)
Dosage area temperture, °C

Characteristic 240 250 260 270 280
Impact strength, kj/m2 73 74 76 74 73
Tensile strength, MPa 45 45 47 46 43
Extension coefficient, % 32 33 35 35 33

Maximal value of impact strength of
nanocomposite based on polyamide-6 is
observed at 260 °C. So, this particular

temperature promotes to formation of the most
permanent composite structure. Impact strength
is observed to increase from 73 k]J/m2 at 240 °C
to 76 kJ/m? at 260 °C and then to decrease to
73 k]/m? at 280 °C. Tensile strength occur to
increase from 45 MPa at 240 °C to 47 MPa at
260 °C, and then it being decreased to 43 MPa at
280 °C.

Extension coefficient is slowly increased from
32 % at 240 °C to 35 % at 260 °C, and it being
decreased to 33 % at 280 °C. So, processing
temperature slightly affects extension coefficient.
Only in some instances it occur to be substantial
increased when temperature rises from 240 °C to
270 °C, it decreases to 33 % at 280 °C.

Consequently, composite optimal processing
temperature is determined to be 260°C. Material
obtained at that temperature have the best
properties as compared to composites obtained
at other temperatures, i.e. high tensile strain at
break is 34%; maximal tensile strength is 47 MPa
and maximal impact strength is 76 k] /mz2.

Regularities of properties of composites based
on polyamide-6 vs. pressure hold-up time are

given in the Table 3.
Table 3
Regularities of properties of composites based
on polyamide-6 vs. pressure hold-up time
Pressure hold-up time, s
Properties 5 10 20 40
Impact strength, k] /m? 73 74 76 76
Tensile strength, MPa 45 45 46 46
Extension coefficient, % 35 34 34 34

According to data given in the Table 3,
pressure hold-up time is confirmed to affect on
physicomechanical properties of the composites
in a different ways. Composite impact strength is
observed to increase from 73 k]J/m2 to 76 kJ/m?
when pressure hold-up time increased from 5 s to
40 s. It results from more overdense and ordered
structure.

Tensile strength of nanocomposites based on
polyamide-6 is riched the maximal level of

47 MPa at pressure hold-up time 20 s. At hold-up
time 5 s tensile strength is 45 MPa, at 10 and 40 s
it being 45 and 46 MPa. So, it is stated that the
more hold-up time, the sturdier the composite.
Nevertheless, at high hold-up time (40 s) the
strength appears to decrease.

The composite tensile strain at break is almost
independent from hold-up time, and only when
hold-up time increased from 5 s to 10 s, tensile
strain occur to decrease from 35.0 % to 34.0 %.

So, hold-up time of 20 s is selected. In these
conditions the composite with high mechanical
properties is produced.

Extrusion parameters for nanocomposite
production were optimized by the following
parameters, i.e. screw rotary speed, disk backlash
value, temperature in the dosage area. For
polyamide-6 such parameters are stated to be
optimal: screw rotary speed 150 rpm, disk
backlash value 4 mm, temperature in the dosage
area 260 °C.

Heat stability of the obtained nanocomposites

has been analyzed as compared to initial
polyamide-6. Thermogravimetric curves of
composites with optimal concentration of

montmorillonite (2 %) are given on Fig. 5. Mass
loss curves analysis of polyamide composites is
indicative of change in nature of destruction
process. Heat stability is changed unsubstantially,
but temperature of half mass loss occur to
increase to 120 °C for polyamide with modified
montmorillonite. Heat stability of the composite
with unmodified montmorillonite appeared to
increase by 20 °C as compared to initial
polyamide. Moreover, two processes are
observed to proceed during the destruction of the
composite with modified montmorillonite. In
temperature range 380-550 °C mass decreases
slowly, and after 550 °C mass reduction occur to
be an avalance-type with higher rate as compared
to initial polyamide.

Increase of thermostability of examined
polyamide nanocomposites results from changes
in barrier properties. Montmorollonite nanosized
particles with a thickness of 1.5 nm and both
length and width of a few um inhibit the oxygen
molecules diffusion and as a consequence of
catalytical polymer destruction.

Wide-angle X-ray scattering (WAXS) profiles
of the composites obtained during extrusion as
compared to WAXS profiles of the mechanical
mixtures of polymer powders with 2 % of
modified montmorillonite are given on the Fig. 6
and Fig. 7.
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In partially-crystalline polyamide-6
substantial structural changes were observed. In
the low-angle range for nanocomposite based on
PA-6 typical of modified montmorillonite peak
was not observed (Fig. 6), it being registered on
WAXS profile of mechanical mixture of PA-6 and
2 % modified montmorillonite. So, this gives
evidence of  destruction of  modified
montmorillonite layered structure and nanosized
inorganic phase in PA-6.
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Fig. 5. Mass loss curves of the polyamide-6 (1), the
composite polyamide-6 - 2 wt. % of unmodified
polyamide (2) and the composite polyamide-6 - 2 wt. %
of modified polyamide (3)
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Fig. 6. WAXS profiles of PA-6 (3),

initial
nanocomposite with 1 (2) and 2 wt.% of modified
montmorillonite (1) as compared to mechanical mixture
with 2 wt.% of modified montmorillonite (4)

X-Ray diffraction patterns of initial PA-6 and
compositions based on PA-6 and 1, 2, 5% of
modified montmorillonite are given on the Fig. 7.

Two stable crystalline modification are
possible for PA-6. They are indentified as a- and
y-phases. On X-Ray diffraction pattern of a-phase
of PA-6 (Fig. 7) two intensive maxima were
observed at 206200 (d=0.44 nm) and 26=250
(d=0.37 nm). On the y-phase X-Ray diffraction

pattern occur to be only one peak at 26=210
(d=0.41 nm) (Fig. 7).
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Fig. 7. X-Ray diffraction patterns of PA-6 (4);
compositions PA-6 - 1 % (3), PA-6 - 2 % (2), and PA-6 -
5 % (1) of modified montmorillonite

Typical peculiarities of a-phase are hydrogen
bonds formation between molecules «oriented»
in various directions and shift of associates on
3/14 of identity period. Wherein, conformation of
the molecules becomes entirely straightened. For
y-phase hydrogen bonds formation between
parallel chains «oriented» in the same direction is
distinctive. It results in slightly contracted form
of macromolecules and as a consequence to
decrease of identity parameters as compared to
a-phase.

a-Modification of crystalline lattice is
indicative for initial PA-6. For nanocomposites
based on PA-6 and modified montmorillonite
new y-phase is observed to be formed. When 1 %
and 2 % of modified montmorillonite added in
PA-6, diffractive intensity of a-phase peaks is
appeared to decrease in combination with
registration of a new peak in the range of the
angles  26=21° which is typical for PA-6
crystalline y-phase. As concentration of modified
montmorillonite increased to 5 %, crystalline y-
phase content in the composite occurs to be
negligible.

Obviously,
structure  of

delamination of crystalline
modified montmorilonite is
accompanied with change in composites
crystallization regimes and new crystalline
y-phase formation by heterogenetic mechanism
of nucleation.

Occurrence of crystalline y-phase in the

studied nanocomposites is confirmed by
differential scanning calorimetric data.
DSC-curves of initial PA-6 and studied

nanocomposites are given at the Fig. 8.
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Fig. 8. DSC-curves of initial PA-6 (4), nanocomposites
PA-6 - 1% (3), PA-6 - 2% (2), PA-6 - 5% (1) of modified
montmorillonite

For initial polyamide only one melting peak
corresponded to melting of crystalline a-phase of
PA-6 is registrated at 220 °C. For nanocomposites
occurrence of two melting peak is typical. The
high-temperature peak at 220 °C corresponds to
melting of crystalline o-form, the low-
temperature one at 210-215 °C being resulted
from melting of PA-6 crystalline y-form. Maximal
intensivity of melting peak y-phase is observed
for nanocomposite with 2 % of modified
montmorillonite, it being absolutely correlated
with WAXS data. Inasmuch as occurrence of both
o- and y-phases is observed, averaged value of
190 J/g is chosen as melting enthalpy.

Crystallinity degree of the samples vs.
modified montmorillonite content in the
composites based on PA-6 is given on the Fig. 9.
Crystallinity degree of the nanocomposites is
higher as compared to initial PA-6, i.e. particles of
modified montmorillonite act as nucleation
hetergenetic agents.
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Fig. 9. Crystallinity degree of the samples vs. modified
montmorillonite content
in the composites based on PA-6

Conclusions

Nanocomposites based on polyamide-6 and
montmorillonite modified with polyionene have
been obtained with screw-disk extrusion.
Mathematic model described viscoelastic
polymers properties was developed. It was
shown that the operating parameters are
determined as a consequence of
thermomechanical transformations of layered
silicates in polymeric matrix and extrapolate
processing regimes of intended properties
products obtained in laboratory conditions up to
high-scale equipment.

Distinction-in-kind of morphology and
thermal behavior of PA-6, composites based on
modified montmorillonite was shown by WAXS,
XRD, DTA and DSC data. Destruction of modified
montmorillonite layered structure and nanosized
inorganic phase in polyamide-6 was confirmed.

These processes are explained by formation of
crystalline y-phase of polyamide in the presence
of 1-2 % of modified polyamide in contrast with
initial polyamide-6 and mechanical mixtures of
polyamide and montmorillonite. = Optimal
concentrations of modified montmorillonite in
the composites were stated to be 1-2 %. It was
established by increasing crystallinity degree,
that being explained by acting of modified
montmorillonite  particles as  nucleation
hetergenetic agents.

The technology of nanocomposites based on
polyamide-6 and organo-montmorillonite was
developed. The technological parameters of
extrusion and injection molding, and their
influence on the formation of nanoscale inorganic
phase of the polyamide were investigated.
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