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B pabome npueooamca pezyromamuvl uccied008aHus GAUAHUA COOEPHCAHUA G0TOKHU-
CMo20 6azanbma Ha 3aKOHOMEPHOCHb KDUCIMAIIU3AUUY KOMNO3UMO6 HA OCHOBE DAHOOM CONO-
aumepa nonunponunena. Hcenedosanusa npogoounu Mmemooom Cmynenuamoi Ounamomempuu é
Oouanaszone memnepamyp 20 — 210 °C. Hccnaedosanace 3a6ucumocms yoeabHo20 00bema KOMRO-
3uma om memnepamypul U cO0epicanus Hanoanumens. B pezynomame ovinu onpedenenst 3naue-
Husa memnepamypul haz06020 nepexooa nepeozo pooa, memMnepamypsl CIeKI08aHuA U 3AHAN 020
YyoeiabHozo oovema. Ilpubnusicennas ouyeHka memnepamypsl CMeKA06aHUA KOMNO3UMOE Onpede-
AANACH 2paguuecKum Memooom nymem IKCMPAnoaAyuu 6epxXHell 6emeu OUIamoMempuiecKkoil
KpUgoii 00 nepeceueHus ¢ HUMCHEIl 8emeblo. Y0an0ch yCmanogums, Ymo no mepe HoebluleHUs
cooeporcanua dazanvma ennome 00 30%macc. nadbnodaemca 3aKOHOMEPHOE CHUMCEHUE YOelb-
HO020 00vema unu nogvlUieHUEe NIIOMHOCHU KOMNO3umos. H3yuena 3aKoHoMepHoCms U3MeHeHUs
600001020 yoenvnozo 00vema om memnepamypul. llokazano, umo c ygeauuenuem cooepiicanusn
60JI0KHUCMO020 0a3anbma Habda00aemca 3aKOHOMEPHOE CHUMCEHUE CBOD0OHO20 YOETbHO20 00b-
ema. YcmaHnoeneHHas 3aKOHOMEPHOCHb 00HOZHAYHO C6UOCMEIbCIEYen 0 mOoM, Yo 6 npouecce
Kpucmannuszayuu u pocma KpUCHAIAUYECKUX 00pA306aHUIl HANOIHUMENL GbIMECHAEMCA 6
Mexccheponumuoe amopghroe npocmpancmeo, OMauYaOuieecs 6blCOKUM COOEPIHCAHUEM C80000-
H020 o0vema. CHudICEeHUE 8eNUUUHBL C60O0OHO20 YOETbHO20 00bEMA CEUOEMETbCHIBYEN 0 HOM,
Ymo HANOJAHUMENb 3aN0JIHAEM He3aHAMbLI 00vem 6 amoprom npocmpancmee. /{na onucanus
KUHemuKu Kpucmaiiu3ayuu KOMnO3umoe 6 u30mepmMuieckux yCcioeuax UcCnoib306aHo ypasHe-
Hue Konmozoposa-Aspamu. Onpeodeyienvl 3HaueHUs 0000UeHHOI KOHCMAHMbL 3APO00blileodpa3o-
eanus u pocma Kpucmannoe K u nocmoannoii n. bvtino ycmanoeneno, umo c ygeauuenuem cooep-
HCAHUA BONIOKHUCMO20 0A3a1bma 6 cOCMage paHOoM NOJTURPORUIEHA HADII00AemcA U3MeHeHUe
MEXAHU3IMA KPUCMAAUIAUUU U MURA POCHA KPUCMATIIUYECKUX CIPYKIMYD OM MpPEeXmepHoz2o
cheponumnozo 00 00HOMEPHOZ0 — CMEPHCHEBUOHO20 NPU HENPEPLIBHOM 00PA306AHUU 2eMEPO2eH-
HbIX U 20MOZEHHBIX YEHMPOEB 3aP00bluLe0dPa306aHuA.
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Typa CTEKJIOBaHUSI, yICIbHBIN 00beM, CBOOOIHBIN y/IEIbHbIN 00beM
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The paper presents the results of a study of the influence of fibrous basalt content on the
regularity of composites crystallization based on polypropylene random copolymer. The studies
were carried out using the method of stepwise dilatometry in the temperature range 20 — 210 °C.
The dependence of the specific volume on temperature and filler content was studied, as a result of
which the values of the temperature of the first-order phase transition, the glass transition temper-
ature and the occupied specific volume were determined. An approximate estimate of the glass
transition temperature of the composites was determined graphically by extrapolating the upper
branch of the dilatometric curve to the intersection with the lower branch. It was possible to estab-
lish that as the basalt content increases up to 30 wt. %, a natural decrease in the specific volume or
an increase in the density of the composites is observed. The regularity of free specific volume
change from temperature was studied. It was shown that with the increase in fibrous basalt content,
there is a regular decrease in free specific volume. The established regularity clearly indicates that
in the process of crystallization and growth of crystalline formations, the filler is forced out into
the interspherolitic amorphous space, which is characterized by a high content of free volume. A
decrease in the value of free specific volume indicates that the filler fills the unoccupied volume in
the amorphous space. In accordance with the Kolmogorov-Avrami equation, the kinetic regularity
of crystallization of composites under isothermal conditions was studied, and the values of the gen-
eralized nucleation and growth constant of crystals K and the constant n were determined. It was
found that with an increase in the content of fibrous basalt in the composition of random polypro-
pylene, a change in the crystallization mechanism and the type of growth of crystalline structures
is observed from three-dimensional spherulitic to one-dimensional - rod-shaped with the continu-
ous formation of heterogeneous and homogeneous nucleation centers.

Keywords: fibrous basalt, stepwise dilatometry, crystallization, glass transition temperature, specific
volume, free specific volume
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Despite the large number of works in the field
of obtain and research of composite materials based on
polyolefins, very little attention has been devoted to the
use of fibrous fillers [1, 2]. This circumstance is due to
the fact that fibrous fillers are difficult to disperse and
mix during processing [3, 4]. For a long time, this was
associated with the lack of sufficiently efficient screw
designs to improve mixing in the extruder [5-7]. How-
ever, this version has not received proper development
and therefore most scientists have become increasingly
inclined to use effective compatibilizers [8, 9]. The
main function of the compatibilizer was not only to im-
prove the compatibility of the mixed components of the
blend, but also to ensure stability in maintaining the
compatibilizer in the composition of the composite
during its long-term operation under harsh extreme op-
erating conditions. Therefore, when selecting a com-
patibilizer, we proceeded from the principle of elimi-
nating the possibility of its sweating during the pro-
cessing and operation of composite materials.

It should also be noted that the lack of system-
atic research on the structure and properties of compo-
site materials with a fibrous filler dictates the need, first
of all, for a more detailed study of its behavior during
the cooling process - crystallization and the mechanism
of growth of crystalline structural units.

In this regard, the purpose of this work was,
using the example of a polypropylene random copoly-
mer (RPP) and fibrous basalt (FBS), to study the influ-
ence of a multifunctional compatibilizer on the kinetic
patterns of crystallization and the growth mechanism
of crystalline formations in composite materials.

EXPERIMENTAL PART

Materials

Polypropylene random copolymer (RPP)
brand RP2400 (“SOCAR POLYMER, Azerbaijan”) is
a thermoplastic statistical copolymer of ethylene/pro-
pylene with the following characteristics: tensile
strength 28.5 MPA, elongation at break 600%, melt
flow rate 1.78 g/10 min, density 904 kg/m?, melting
temperature 146 °C, heat resistance 131 °C, crystallin-
ity degree — 57%.

Fibrous basalt (FBS) («Company "Russian
Basalt", Chelyabinsk region») is an effusive igneous
rock of green-black color, which has a fibrous structure
and belongs to the main composition of the normal al-
kalinity series of the basalt group. From a chemical and
mineralogical point of view, basalt has a complex
structure. It contains intertwined crystalline formations
and fine-grained suspensions of magnetite, silicates
and metal oxides. The structure of the mineral consists
of amorphous volcanic glass, feldspar crystals, sulfide
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ores, carbonates, and quartz. Agvit and feldspar form
the basis of the mineral.

The content of silica (SiO.) ranges from 42 to
52-53%, the sum of alkalis Na,+K; up to 5%, in alka-
line basalts up to 7%.

Compatibilizer — (PP-g-MA) — Exxelor PO1020
(ExxonMobil Chemical) PP modified with maleic an-
hydride, designed to improve the compatibility of min-
eral fillers with all brands of PP, including RPP. It is
introduced into the composition of the composite based
on RPP in an amount of 1.0-3.0 wt. %. The melt flow
rate (MFR) is 34 ¢/10 min.

Stepwise dilatometry method

Dilatometric studies were carried out on an
IIRT-1 device, converted to a dilatometer with a load
of 5.3 kg and in a temperature range from 210 °C to
room temperature.

Preparation of composites

In order to modify the properties of RPP, a
compatibilizer (PP-g-MA) in an amount of 1.0-3.0 wt. %
was first introduced into its composition on hot rollers
at a temperature of 160-175 °C. Then basalt was added
to the molten polymer mixture in parts. The roller fric-
tion was equal to 1.29. The objective of the study was
to conduct a preliminary assessment of the dispersion
of filler particles in the composite composition under
conditions of intense mixing in the melt mode.

RESULTS AND ITS DISCUSSION

The use of the stepwise dilatometry method to
study the kinetic regularities of crystallization of RPP
composites with FBS opens up a promising oppor-
tunity to use the results obtained for an approximate
assessment of the technological features of the cooling
mode of a product in a mold in the injection molding
unit. In the process of studying the dependence of the
specific volume of composites on temperature, it
seems possible to determine the first-order phase tran-
sition, the glass transition temperature, and the occu-
pied and free specific volume of composites [10]. RPP
composites with different FBS contents were used as
the object of study. The concentration of FBS varied
within the range of 5.0-30.0 wt. %. The objective of the
study was to study the effect of fibrous filler on the
regularity of changes in the temperature dependence of
the specific volume and free specific volume.

Fig. 1 shows the dependence of the specific
volume of RPP composites on temperature with differ-
ent contents of FBS. Analyzing the dilatometric curves
in this figure, it can be established that the content of
FBS has a noticeable effect on the regularity of their
changes. As can be seen from this figure, as the tem-
perature of the sample decreases, the specific volume

87



H.T. Kaxpamanos u ap.

decreases and at the temperature of the first-order
phase transition there is a sharp jump in the change in
the value of this indicator. The phase transition for
samples with 5.0-20.0 wt. % FBS content occurs at a
temperature of 126 °C, and for the RPP + 30 wt. % FBS
composite, the value of this indicator decreases to 120 °C.
There is reason to believe that such a decrease in the
phase transition temperature can be interpreted by a
sufficiently high content of FBS, at which the steric
factor significantly increases, restraining the process of
crystallization of the highly filled composite. It is char-
acteristic that the higher the FBS content, the lower the
specific volume of the samples and, accordingly, the
higher their density. Along with this, with an increase

in the FBS content, the magnitude of the abrupt change
in the specific volume in the region of the first-order
phase transition decreases significantly. So, for exam-
ple, if for the original RPP the jump in the specific vol-
ume in the region of the phase transition is 0.11 cm®/g,
then for composites with 5.0; 10.0; 15.0; 20.0; 30.0 wt. %
FBS content, the value of this indicator will corre-
spondingly change in the following sequence: 0.092;
0.088; 0.063; 0.060; 0.041 cm®/g. This change in the
specific value in the phase transition region is due to
the fact that with an increase in the filler content in the
composite, the proportion of the polymer matrix in it,
which is known to be responsible for crystallization
processes, correspondingly decreases.

Voe, em*/g Vi, em’/g
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Fig. 1. Influence of FBS content (wt. %) on the temperature dependence of the specific volume of RPP-based composites: 1- initial RPP;
2-5.0; 3- 10.0; 4- 15.0; 5- 20.0; 6- 30.0.
Puc. 1. Bmmsiane conepxanus BB3 (Y%Mmacc.) Ha TemnepaTypHyro 3aBHCHMOCTb yIEIEHOro o0beMa s KOMIIo3uToB Ha ocHose PIIIT:
1- ucxonusiii PIIIT; 2- 5,0; 3- 10,0; 4- 15,0; 5- 20,0; 6- 30,0

Table

Effect of FBS content on the density, occupied volume and glass transition temperature of composites based on RPP
Tabnuuya. Bnusinue conep:xkannsi B63 Ha NII0THOCTD, 3aHATHII 00beM U TeMIIEPATYPY CTEKJIOBAHUS KOMIIO3UTOB Ha

ocHose PIIIT
No Composition of the Occupied volume, | Density at (-273 °C), [Density at 20 °C,| Glass transition
| RPP+VBZ composite, wt. % cm®/g g/cm? g/cm?® temperature, °C
1 RPP 1.058 0.945 0.921 -52
2 RPP +5.0 1.045 0.957 0.928 -34
3 RPP +10.0 1.034 0.967 0.939 -34
4 RPP +15.0 0.998 1.002 0.985 -10
5 RPP +20.0 0.967 1.034 1.015 -8
6 RPP +30.0 0.914 1.094 1.082 +10

The dilatometric research method is an effec-
tive method for approximate estimation of the glass
transition temperature of composite materials [10-12].
As can be seen from Fig. 1, extrapolation of the upper
branch of the dilatometric curve to the lower one al-
lows us to determine the glass transition temperature of
composites using a graphical method at the point of
their intersection. At the same time, extrapolation of
the lower branch of the dilatometric curve to absolute
zero temperature (-273 °C) allows us to estimate the
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occupied specific volume, the results of which are
summarized in Table. Comparing the data presented in
this table, it can be noted that as the FBS content in-
creases, a decrease in the specific volume and, accord-
ingly, an increase in the density of the composite at ab-
solute zero and room temperature are observed. If we
analyze the results of studying the glass transition tem-
perature, we can establish that in this case, with an in-
crease in the filler content, there is a natural increase in
the glass transition temperature of the composites.
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When studying the process of crystallization of
composites, problematic issues related to the measure-
ment of free specific volume (Vs), which provides
fairly complete information about the nature of the
change in the state of the interphase amorphous region
of composites depending on the filler content, become
of no small importance [12]. It is known that the struc-
ture of semicrystalline polyolefins consists of a crys-
talline and an amorphous phase. The formation of the
structure of these polymers during cooling and, accord-
ingly, crystallization proceeds in such a way that the
growth of the crystalline phase is accompanied by the
displacement of all “foreign particles” and polar
groups into the interphase amorphous region [13, 14].
Thus, a more dense crystalline phase is formed, con-
sisting of RPP macrochains and a less dense amor-
phous region, which contains in its volume defects of
crystalline formations, passing chains of spherulites,
filler particles, as well as segments of the compatibil-
izer macrochain containing polar groups of maleic an-
hydride. In other words, the interphase amorphous re-
gion accumulates in its space everything foreign con-
tained in the composite. Therefore, analysis of changes
in V¢ of composites allows us to obtain a fairly clear
idea of the processes occurring in the interphase region
[15, 16].

Vi em¥/g
A
0,3
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Fig. 2 shows the temperature dependence of V¢
for composites with different FBS contents. The value
of Vi is determined by the difference between the spe-
cific volume at any temperature and the occupied spe-
cific volume: Vi= Vi — V,. As can be seen from this
figure, a decrease in temperature is accompanied by a
natural decrease in the value of this indicator through-
out the entire temperature range, down to zero at -273 °C.
Attention should also be paid to the fact that in a vis-
cous-flow state, a decrease in temperature leads to a
general decrease in Vi of the polymer mass. And only
after a first-order phase transition occurs, a segregation
process is observed in the structure of the composite
with the formation of an amorphous and crystalline
component. A further decrease in temperature leads to
the fact that after the phase transition, the decrease in
V occurs predominantly in the interphase amorphous
region. If you trace the change in V: depending on the
FBS content, you can pay attention to the fact that with
an increase in the amount of introduced filler, the value
of this indicator noticeably decreases. This circum-
stance is important, since it once again confirms the
opinion that during the crystallization process of
composite, FBS is embedded in a less dense amor-
phous region.

T,°C

-273 -200 -100

0 100 200
T, K

0 73 173

273 373 473

Fig. 2. Influence of FBS content (wt. %) on the temperature dependence of the free specific volume of RPP-based composites: 1- initial
RPP; 2-5.0; 3- 10.0; 4- 15.0; 5- 20.0; 6- 30.0
Puc. 2. Bmusiane copepxanus BB3 (Y%omacc.) Ha TemmepaTypHyo 3aBUCHMOCTb CBOOOJHOTO YAEIBEHOT0 00beMa KOMITIO3UTOB Ha OCHOBE
PIIIT: 1- ncx. PIIIT; 2- 5,0; 3- 10,0; 4- 15,0; 5- 20,0; 6- 30,0

And finally, the process of dilatometric re-
search ends with the study of crystallization isotherms
of composites at the temperature of a first-order phase
transition. This method allows one to obtain a fairly
clear picture of the formation of crystalline formations
under isothermal conditions [9, 17, 18]. Kinetic meas-
urements of the crystallization process were carried out
according to the Kolmogorov-Avrami theory, which
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confirms its applicability for use in polymer compo-
sites. According to this theory, the crystallization pro-
cess proceeds in accordance with the expression:

e (1)
where ¢ is the part of the polymer that has not yet un-
dergone transformation into the crystalline phase; K —

generalized constant of nucleation and growth of crys-
tals; T — crystallization time at the temperature of a
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first-order phase transition, in seconds; n-constant is in
the range of 1-4, defined as the tangent of the angle of
inclination of the curve to the abscissa axis and de-
pends on the nucleation mechanism and the shape of
the growing crystals in the composites under consider-
ation [9, 10, 19].

Taking the double logarithm of the Kolmogo-
rov-Avrami equation yields the following expression:

l9(-Inp) = IgK + nigr (2)
this equation (2) represents the dependence in the form
of a straight line in Ig(-/np) coordinates on /gz.

Fig. 3 shows the crystallization isotherms of
composites based on RPP with different contents of
FBS. Analyzing the curves in this figure, one can no-
tice that with an increase in the FBS content, the angle
of inclination of the curve to the abscissa axis de-
creases, indicating a decrease in the value of the con-
stant (n). In accordance with the numbering of the curves
in Fig. 3, the value of n is correspondingly equal to: 1 —
3.75;2-2.85;3-261;4-2.15;5-1.83;6—1.48. The
IgK value was determined by extrapolating the curves
to the ordinate at the value Igt = 0. In accordance with
the curves in Fig. 3, the IgK value changed in the fol-
lowing sequence: 1- (-1.5); 2- (-1.8); 3- (-2.3); 4- (-
3.0); 5- (-3.4); 6- (-3.7). Based on the research results
obtained, the Kolmogorov-Avrami equations were de-
rived for each composite separately:

I9(-Ing) =-1.5 + 3.751gt 3)
I9(-Inp) = -1.8 + 2.851gt 4)
l9(-Ing) =-2.3 +2.611gt (5)
Ig(-Ing) = -3.0 + 2.151gt (6)
I9(-Inp) =-3.4 + 1.83Igr (7)
I9(-Ine) =-3.7 + 1.48lgt (8)

lg(-Ing)

Fig. 3. Influence of FBS content (wt. %) on the regularity of
change in crystallisation isotherms of RPP-based composites at
the temperature of phase transition of the first kind: 1- initial RPP;
2-5.0; 3- 10.0; 4- 15.0; 5- 20.0; 6- 30.0
Puc. 3. Bnustaue conepxanus BB3 (%Macc.) Ha 3akOHOMEPHOCTH
U3MEHCHUS U30TEPM KPUCTAJUIM3allM KOMIIO3UTOB Ha OCHOBE
PIIIT nmpu Temmnepatype ¢azoBoro mepexoja nepporo poaa: 1- uc-
xomubiii PIIIT; 2- 5,0; 3- 10,0; 4- 15,0; 5- 20,0; 6- 30,0
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Given the crystallization time (z, s), using the
given formulas (3-8), one can determine the part of the
polymer that has not yet undergone a transition to the
crystalline phase in the region of the phase transition.
When studying the mechanism of crystallization of
RPP composites depending on the content of FBS, it is
possible to determine the type of growth of crystalline
formations from the value of n. So, for example, if for
the initial RPP and composites with 5.0-10.0 wt. %
FBS the process of isothermal crystallization in the re-
gion of a first-order phase transition is accompanied by
a three-dimensional type of crystal growth with the for-
mation of spherulites, then in composites containing
15.0-20.0 wt. % FBS a two-dimensional lamellar type
of growth takes place crystals with the continuous for-
mation of nucleation centers. At 30.0 wt. % content,
the simplest one-dimensional — rod-shaped type of
crystal growth predominates.

Thus, it becomes obvious that the concentra-
tion of FBS in the composition of the compatibilized
composite based on RPP has a significant effect on the
mechanism and type of growth of crystalline for-
mations. The transition from a three-dimensional crys-
tal structure of RPP to a one-dimensional one indicates
the ability of the fibrous filler to create significant ste-
ric obstacles to the growth and improvement of crys-
talline formations. As a result, any changes associated
with the type of growth of crystalline formations will
undoubtedly affect the formation of the corresponding
supramolecular structure. This circumstance is very
important, since all these structural changes have a sig-
nificant impact on the basic physical-mechanical and
physical-chemical characteristics of composite materi-
als. Therefore, it would be appropriate to state that the
process of crystallization and crystal growth itself is
ultimately a fundamental factor influencing the pro-
cesses of segregation and the formation of the inter-
phase region, which is most sensitive to changes in the
structure and properties of composite materials [21].

CONCLUSION

Based on the studies conducted, it can be ar-
gued that the developed composites based on RPP and
FBS generally retain their crystalline structure. There-
fore, the resulting composites can be classified as
promising structural materials that can be processed
using standard methods and, thus, find practical appli-
cation in various fields of modern engineering and
technology. The effect of FBS content in the range of
5.0-30.0 wt. % on the temperature dependence of the
specific volume, free specific volume, occupied vol-
ume and glass transition temperature of the composites
was studied using the stepwise dilatometry method.
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The results of a theoretical analysis of the regularity of
changes in the dilatometric curve and the first-order
phase transition of composite materials in the presence
of a fibrous filler are presented. The values of the tem-
perature of the first order phase transition of compo-
sites were determined depending on the FBS content.
If for composites containing 5.0-20.0 wt. % basalt the
phase transition occurs at a temperature of 126 °C, then
for a composite with 30 wt. % content the value of this
indicator decreases to 120 °C. At the temperature of a
first-order phase transition and in accordance with the
Kolmogorov-Avrami equation, the crystallization iso-
therms of the composites under consideration were
studied, making it possible to establish the mechanism
and type of growth of crystalline formations depending
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on the FBS content. It is shown that with an increase in
the FBS content, a change in the type of growth of crys-
talline formations is observed from three-dimensional
spherulitic to one-dimensional rod-shaped. Based on
the research carried out, the Kolmogorov-Avrami
equations were derived for basalt-containing RPP plas-
tics, which can be used to determine the part of the pol-
ymer that has not undergone crystallization in the re-
gion of the phase transition.
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