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Ilpusooamecs pe3yromamsl UCC1e008AHUA 6NUAHUA KOHUCHMPAUUU ATTIOMUHUEBOI HYODbL
HQ MeXanu3M U 3aKOHOMEPHOCHb U3MEHEHUA 3A6UCUMOCHIU YOETbHO20 00bema Om memnepamypol 6
unmepeane 25-180 °C ¢ komnozumax nHa ocrhoge noausmunena Hu3Koi naiomuocmu. Ilymem rkc-
mpanonayuu epxHell U HUMCHel 6eMeU OUIAMOMEMPULECKOU KPUBOT HATIOeHbl NPUOIUZUMETbHBLE
3HAYEeHUsA meMnepamypsl CMeK108AHUA KOMRO3ZUMOE. IKCMPANOIAAYUA HUNCHEI 6emeu OUn1amo-
MempuuecKoil KpUgoil paccmampueaemovix HOAUMEPHBIX KOMHO3UMO08 K ADCOIIOMHOI memnepamype
n036071UNIU ONPEOETUMb BETUUUHY (ZAHAMO20%» YOETAbHO20 00beMa U «C80000H020» YOETbHO20 00b-
ema. Memooom cmynenuamoil Ounamomempuu Hail0ena memnepamypa hazo6020 nepexooa nepeozo
PO0a KOMRO3UMO08, KOMOPAsl U3MEHACHCA 6 3A6UCUMOCHIU O KOHYCHMPAUUYU ATIOMUHUEEO0U NYOPbl
6 cocmaege noaudmunena Hu3Koil niomnocmu. Konyenmpayuro antomunuesoii nyoput ¢ pazmepom
yacmuy 1-2 mxm eapwvuposanu é npedenax 0,5 — 30 %macc. Yemanoeneno, umo ¢gedenue 0,5%macc.
AnIOMUHUEEOI RYOPbl NPAKMUYECKU He 671UAem HA 3aKOHOMEPHOCHb UIMEHEHUA Oulamomempuye-
CKOUl Kpugoui ucxoonou noaumepuou mampuywl. Ilpu konyenmpayuu nanonnumena 1,0%macc. u
ébluLe NPOUCXOOUNL CYU4ECHBEHHOE USMEHEHUE 68 3AKOHOMEPHOCIU U3MEHEHUS IMUX KDUBLIX, 8bIPA-
Jcaroueecss 8 CHUNCEHUU 8eIUYUUHBL YOeTbHO20 00bema Komnozumos. Pezxoe cnuscenue yoenvnozo
00vema unu 6o3pacmanue NIOMHOCHU KOMROZUNLO8 6 6A3KOMEKYUEeM U MEEPOOM COCHOAHUAX 00-
HO3HAYHO C8UOCMENbCME08AU 00 YCUNUBAIOWell POIU ANIOMUHUEB0H nYyOpbl. B komno3umax na oc-
HO8e nonUIMUIEHA HU3KOI RIOMHOCIU ORPedelena 3a6UCUMOCHb C80000HO20 YOeIbHO20 00bema
om memnepamypsl U om KOHueHmpauuu anromunueeoli nyopwl. lloxazano, umo ysenuuenue Kou-
UeHmpayuu allOMUHUEE0I NYOPbl 8 COCHIAGE NOTUIMUIEHA HUIKOU HIIOMHOCMU CONPOBOIHCOAEMCA
3AKOHOMEPHBIM CHUNCCHUEM C680000H020 00vema nonumephnoit mampuusl. Ilonyuennsvie oannvle
noomeepicoarom Hauie npeocmasieHue 0 Mom, Ymo YACMUUbl ANIOMUHUEEOI NYOPbl YUACHEYIOm
He MOoNbKo 8 (hopmuposanuu 2emepozeHHbLIX YEHMPOE KPUCMANIUIAUUU, HO U GbIMECHAIOMCA 8
amopguyio oonacme no mepe pocma c)epoIumHbIX KpUCmaiiudeckux oopazoeanuil. B koopouna-
max Aepaamu uccinedo8ansvl KUHemuuyeckue 3aKOHOMEPHOCMU npoyecca U3omepMuieckoil Kpu-
cmanauzayuu 8 oonacmu (hazo6020 nepexooa nepeozo pooa. Ycmawnoeneno, umo c ygeaudeHuem
CmeneHu HAnOJAHeHUA NOJAUMEPHOU MAMPUUbL MEXAHUZM KPUCMANIU3AUUU u3 chepuueckozo
(mpexmepnozo) muna pocma KpUCmAIU4ecKux o0pazoeanuii nepexooum é niaacmuH4yamotii (08yx-
MEpHBLL) npU HenpepvieHOM 00pa308anuu yeHmpose Kpucmannuzayuu. /lanvt pexomenoayuu no
HPAKMUYECKOMY UCNOSIb308AHUIO PE3)IbHANOE UCC/Ie008AHUA HPOUECCA KPUCIAIUIAUUU KOMRO-
3UMO6 NPUMEHUMETbHO 8 MEXHOTO02UN UX HEPEPADOMKU MENOOOM JIUNbA NOO 0A8IEHUEM.
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J1s uuTHpOBaHUs:
AnnaxsepaueBa X.B., Kaxpamanos H.T., AOxymma M.U., MyctadaeBa ®.A. BnusHue KOHIEHTpanuu aqtOMHHHEBOM
MyJpbl HA MEXAHU3M U KMHETHUYECKHE 3aKOHOMEPHOCTH KPUCTAJUIM3ALUM KOMIIO3UTOB Ha OCHOBE INOJIMATUIEHA HU3KOI
IUTOTHOCTH. H136. 6y306. Xumust u xum. mexronozust. 2020. T. 63. Bei. 2. C. 77-83

Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2020. V. 63. N 2 77



Kh.V. Allakhverdieva, N.T. Kakhramanov, M.I. Abdullin, F.A. Mustafayeva

For citation:
Allakhverdieva Kh.V., Kakhramanov N.T., Abdullin M.1., Mustafayeva F.A. Influence of aluminum powder concentration
on mechanism and kinetic regularities of crystallization of composites based on low density polyethylene. Izv. Vyssh. Uchebn.
Zaved. Khim. Khim. Tekhnol. [Russ. J. Chem. & Chem. Tech.]. 2020. V. 63. N 2. P. 77-83

INFLUENCE OF ALUMINUM POWDER CONCENTRATION ON MECHANISM
AND KINETIC REGULARITIES OF CRYSTALLIZATION OF COMPOSITES BASED
ON LOW DENSITY POLYETHYLENE

Kh.V. Allakhverdieva, N.T. Kakhramanov, M.I. Abdullin, F.A. Mustafayeva

Najaf T. Kakhramanov *, Khayala V. Allakhverdieva, Fatima A. Mustafayeva

Laboratory of Mechanochemical modification and processing of polymers, Institute of Polymer Materials of the
Azerbaijan NAS, S. Vurgun str., 124, Sumgayit, AZ 5004, Azerbaijan
E-mail: najaf1946@rambler.ru*, yaxa@yandex.com, mustafayevafatima@mail.ru

Marat I. Abdullin

Department of Technical Chemistry and Materials Science, Bashkir State University, Zacky Validi st., 32, Ufa,
450074, Russia
E-mail: ProfAMI@yandex.ru

The results of the study of the influence of the aluminum powder concentration on the
mechanism and the regularity of changes in the dependence of specific volume on temperature in
the range of 25-180 °C in composites based on low density polyethylene are presented. By extrapo-
lating the upper and lower branches of the dilatometric curve, approximate values of the glass
transition temperature of the composites are found. Extrapolation of the lower branch of the dila-
tometric curve of the considered polymer composites to the absolute temperature allowed us to de-
termine the value of the "occupied™ specific volume and the "*free’* specific volume. Using the step
dilatometry method, the temperature of the first-order phase transition of composites was found,
which varies depending on the aluminum powder concentration in the composition of low density
polyethylene. The concentration of aluminum powder with a particle size 1-2 um varied between
0.5-30 wt. %. It has been established that the loading of 0.5 wt. % of aluminum powder practically
does not affect the regularity of change in the dilatometric curve of the initial polymer matrix. At a
filler concentration of 1.0 wt. % and higher, a significant change occurs in the regularities of
change in these curves, expressed in a decrease in the value of the specific volume of the compo-
sites. A sharp decrease in the specific volume or an increase in the density of the composites in
viscous-flow and solid states clearly indicated the reinforcing role of aluminum powder. In compo-
sites based on low density polyethylene, the dependence of the free specific volume on temperature
and on the concentration of aluminum powder is determined. It is shown that an increase in the
concentration of aluminum powder in the composition of low density polyethylene is accompanied
by a regular decrease in the free volume of the polymer matrix. The obtained data confirms our
idea that particles of aluminum powder are involved not only in the formation of heterogeneous
crystallization centers, but are also forced into the amorphous region as the spherolite crystalline
formations grow. In the coordinates of Avraami, the kinetic regularities of the process of isothermal
crystallization in the region of the first-order phase transition are investigated. It has been estab-
lished that with an increase in the degree of filling of the polymer matrix, the mechanism of crys-
tallization from spherical (three-dimensional) type of growth of crystalline formations passes into
a plate-like (two-dimensional) with the continuous formation of crystallization centers. Recommen-
dations are given on the practical use of the results of a study of the crystallization process of com-
posites as applied to the technology of their processing by injection molding.

Key words: crystallization, dilatometry, specific volume, phase transition, aluminum powder, polymer
matrix

INTRODUCTION materials designed to produce construction products on
their basis. In particular, this applies to aviation, cos-

As technique and technology improved invar-  mic, military, shipbuilding, engineering, etc. indus-

ious areas of industry, more and more new require- tries. In order to improve the complex properties of
ments began to be placed on the quality of polymeric  polymers, various methods of modifying their structure
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and properties are undertaken. The most preferred
method of modifying the polymer matrix is loading
into its composition various finely dispersed mineral
and metal fillers, which in one way or another allow
obtaining composite materials with predetermined opera-
tional properties [1-7].

In recent years, interest in the development and
research of metal-polymer systems has been expanded,
making it possible to obtain materials with properties
that are promising from a practical point of view [8-10].
But at the same time, despite the above, to this day there
are still open questions regarding the technological char-
acteristics of their processing by methods of injection
molding and extrusion. At the same time, the quality of
plastic products directly depends on the rate of their
cooling (crystallization) in the mold of an injection
molding machine or a forming die extruder.

In this regard, comprehensive information on
the crystallization process of the composites polymer
matrix can be obtained using the method of step dila-
tometry. This method allows to investigate the effect
of various ingredients on the kinetic regularity and
mechanism of crystallization in isothermal conditions.
For a long time, the dilatometry method was consid-
ered as the theoretical basis of the processing technol-
ogy. However, the results of experimental studies sug-
gest the practical significance of research conducted in
this direction [11,12].

In this regard, the purpose of the study was to
study the effect of filler concentration on the kinetic
regularities and the crystallization mechanism of poly-
mer composites.

EXPERIMENTAL PART

As the object of the study the low density pol-
yethylene (LDPE) was used with the following proper-
ties: ultimate tensile stress — 13.1 MPa, flexural modu-
lus — 196 MPA, density — 927 kg/m?, elongation at
break — 720%, heat resistance— 85 °C, melting point —
106 °C, melt flow index MFI = 1.3 g/10min, degree of
crystallinity 60%.

In order to modify the properties of the LDPE,
aluminum powder (AP) with a size of 1.0-2.0 um was
loading into its composition. The amount of AP in the
composition of the LDPE varied within 0.5, 1.0, 5.0,
10, 20, 30 wt. %. The components were mixed on hot
rollers at a temperature of 150-160 °C, by loading the
AP into the LDPE melt for 7-8 min.

Dilatometric studies were performed on an
IIRT-1 device converted to a dilatometer with a load of
5.3 kg and in the temperature range from 180 °C to
room temperature.

RESULTS AND DISCUSSION

The advantage of the dilatometry method is
that it allows one to estimate the influence of the filler
concentration on the nature of the change in the crys-
tallization process, the first-order phase transition tem-
perature, and the crystallization rate. The construction
of a dilatometric curve of the dependence of the spe-
cific volume on temperature makes it possible to esti-
mate the volume shrinkage processes not only in the vis-
cous-flow, but also in the solid state [11].

Fig. 1 shows the dilatometric curves of the de-
pendence of the specific volume on temperature, de-
pending on the AP concentration. It was important to
identify the effect of minimum and high concentrations
of AP on the nature of changes in these curves. Ana-
lyzing the dilatometric curves in this figure it can be
established that the loading of 0.5 wt. % AP almost
does not affect the regularity of changes in the dilato-
metric curve of the initial LDPE. A further increase in
concentration from 1.0 to 30 wt. % is accompanied by
a slight decrease in the value of the specific volume of
samples. It is characteristic that, regardless of the AP
content, the nucleation process on the dilatometric
curve or the first-order phase transition occurs in the
temperature range of 80-90 °C. This temperature char-
acterizes the transition of a polymer from a viscous-
flow to a solid state. It is this process that takes place in
the cooling mold of the injection unit.
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Fig. 1. The effect of AP concentration on the regularity of specific
volume change on temperature for composites based on LDPE +
AP, wt. %:1-LDPE,2-0.5;3-1.0;4-5.0;5-10; 6 —20; 7—30
Puc. 1. Bimsinue konuentpanuu All Ha 3aKOHOMEPHOCTh U3MEHE-
HUA y}le.l'[bHOl"O 061)eMa oT TelvmepaTypr JJI1 KOMITO3MTOB Ha OC-
nose IIDHIT+AIL B %Macc.: 1 —ucx.IIDHII, 2 -0,5; 3-1,0; 4 -
5,0;5-10;6-20; 7-30

It is clear that if the density of the composites
is the reciprocal of the specific volume, then a decrease
in the specific volume should be considered as an in-
crease in the density of the composites. And, the
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greater the concentration of the AP, the higher the den-
sity of the composites. The data obtained clearly indi-
cate that the loading of AP is accompanied by compac-
tion of the polymer volume without loosening it. In this
case, it would be appropriate to state that the AP, as a
filler, is an amplifier of LDPE-based composites [13].

According to the data presented in Fig. 1, for
the initial LDPE and its composites with an AP content
of 0.5-1.0 wt. %, the dilatometric curves have a first-
order phase transition at a temperature of 90 °C. A fur-
ther increase in the concentration of AP from 5.0 to
20 wt. % is accompanied by a decrease in the temper-
ature of the phase transition to 85 °C. When the degree
of filling 30 wt. % first-order phase transition is re-
duced to 82 °C. To interpret the observed regularities,
let us turn to the well-known theoretical aspects of the
formation of the supramolecular structure of filled
composites. Most of the foreign solid particles loading
into the composition of polymers are distinguished by
the fact that the melt exhibits the characteristic proper-
ties of nucleating agents [14-17]. This is expressed in
the fact that these dispersed particles are capable to
form heterogeneous crystallization centers. As a result,
in melts in addition to homogeneous, there are hetero-
geneous crystallization centers that form crystalline
formations during the melt cooling process. Therefore,
in the process of crystallization in the region of the
first-order phase transition, spontaneous formation of
small-spherolite crystalline structures occurs at a time,
which in the process of growth push a part of the filler
into the intersferolite or amorphous region. The latter
circumstance allows us to state that a part of AP parti-
cles takes part in the formation of heterogeneous crys-
tallization centers, while another part is displaced into
the amorphous region. According to the experimental
data obtained, it seems to be correct to say that the filler
particles can be spent only on the formation of hetero-
geneous nucleation centers with their minimum con-
centration in the composition of the LDPE, within 0.5-
1.0 wt. %.

From Fig. 1, extrapolation of the upper and
lower branches leads to their intersection. Perpendicu-
lar, lowered on the abscissa axis from the point of their
intersection, allows to fix the temperature, which with
the maximum approximation can be considered as the
glass transition temperature of polymeric materials.
According to the data obtained, the glass transition
temperature of the considered composites is respec-
tively: LDPE and LDPE +0.5 wt. % AP = -125 °C,
LDPE + 1.0 wt. % AP = -117 °C, LDPE + 5.0 wt. %
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AP =-88 °C, LDPE + 10 wt. % AP = -81 °C, LDPE +
20 wt. % AP =-39 °C, LDPE + 30 wt. % AP = -25 °C.
The data obtained show that with an increase in the
concentration of AP in the composition of the compo-
site over 5.0 wt. % embrittlement of the composite oc-
curs, which, as a rule, leads to a sharp decrease in the
value of their glass transition temperature. And indeed,
when assessing the deformation-strength characteris-
tics of composites, it was found that with an AP con-
centration of 10 wt. % and the higher the elongation at
break deteriorates sharply to 20-30%.

Another important point to note is the defini-
tion of the occupied specific volume (Voc), which it is
possible to estimate by extrapolating the lower branch
of the dilatometric curve to absolute zero (-273 °C). At
an absolute zero temperature, the free specific volume
(Vy) in the polymer becomes zero. Since the specific
volume (V) consists of the sum of the occupied and
free specific volumes, then V=V, - V, [18-20].

Fig. 2 shows the temperature dependence of V¢
for composites with different AP contents. Analyzing
the dilatometric curves in this figure, it can be estab-
lished that with increasing AP concentration Vrin com-
posites it decreases markedly. The results obtained
clearly indicate that the AP particles are embedded in
the free volume, which is contained mainly in the
amorphous region. If we take a more concrete ap-
proach to the interpretation of this process, then we can
see that when 0.5 wt. % AP is added to LDPE, the
value of free specific volume practically does not un-
dergo any changes, thus confirming our arguments
about the role of the concentration factor of composite
organization. There is reason to believe that when the
concentration of AP in the range of 0.5 wt. % all filler
particles are spent on the formation of heterogeneous
nucleation centers with their subsequent transition to
heterogeneous crystallization centers. At AP concen-
trations above 0.5 wt. %, the decrease in free specific
volume should be interpreted as the participation of AP
particles simultaneously in the process of nucleation
and migration to the amorphous regions in the process
of growth of crystalline formations. And, the greater
the concentration of the filler, the greater part of it in
the process of growth of crystalline formations forcibly
migrates to the amorphous regions. Thus, when dis-
cussing the role of the concentration factor of the filler,
it will probably be appropriate to talk about the thresh-
old concentration that determines the nucleation abili-
ties of the filler particles.
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Fig. 2. The effect of AP concentration on the dependence of the free
specific volume on the temperature (K) for composites based on LDPE,
wt. %:1-LDPE,2-05;3-1.0;4-5.0;5-10;6—-20; 7—30
Puc. 2. Brusiane koHueHTtparmy All Ha 3aBIHCHMOCTB CBOOOIHOTO
YIEIBHOro 00BbeMa OT TeMrepatypsl (K) s KoMIo3uToB Ha OCHOBE
IIDHII, B %macc.: 1 - TIDHII, 2 -0,5; 3-1,0; 4—-5,0; 5—10; 6 — 20;

7-30

The results of kinetic measurements of the
crystallization process are interpreted using a model
developed by Avraami for phase transformations in
metals [10]. Previously, we have shown the applicabil-
ity of the Avrami theory to the study of the crystalliza-
tion process in the region of the first-order phase tran-
sition in polymer composites [11]. According to this
theory, the crystallization process proceeds in accord-
ance with the expression:

o= e—Kt”
where ¢ — is the part of the polymer that has not yet
undergone transformation into the crystalline phase; K
— generalized nucleation and crystal growth constant;
n — constant ranges from 1-4. Its value depends on the
nature of the nucleation process and growth. [11, 18-20].

If V, — is the initial specific volume of the pol-
ymer at T, V: — is the specific volume by the t time,
V. — is the final specific volume of the polymer at a
given crystallization temperature in the phase transi-
tion region, then the ratio (V, - Vo)/(V, - V) there is a
part of the polymer that has undergone transformation
into a crystalline state by the 1 time. In this case, ¢ in
equation (1) is:

¢=1-(Vo-V)/(Vo- Vo) )

Double logarithm of the Avraami equation
gives:

Ig(-Ing) = 1gK + nlgt 3)

In accordance with the above equation, this de-
pendence is a straight line in the coordinates Ig(-Ing)
from Igt. As a result of experimental measurements,
the applicability of the theory of Avraami to the study
of the crystallization process of LDPE and its compo-
sites was established.

In fig. 3 the coordinates of Avraami presents
the results of studying the effect of AP concentration
on the kinetic regularity of crystallization of compo-
sites based on LDPE + AP. Analyzing the curves in this
figure, you can see that for the initial LDPE and the
composite with 1.0 wt. % AP, they coincide. With the
loading of 0.5 wt. % AP, the crystallization rate slightly
increases, which can be well interpreted by the slope of
the curves and the results of the evaluation of the crys-
tallization rate constants. Thus, for example, according
to equation (3), at a zero crystallization time (Igt), Ig (-Ing)
becomes equal to IgK. For the initial LDPE and the
sample with 1.0 wt.% AP, the generalized crystalliza-
tion rate constant (K) respectively is 1.2:10° and
0.6-10°. At 0.5 wt. % content of the AP K =4.1-107,
i.e. has the highest value of the crystallization rate con-
stant, even higher than that of the initial LDPE. In-
creasing the concentration of AP in the range of 5, 10,
20, 30 wt. % is accompanied by a decrease in K, re-
spectively, in the following sequence — 0.39-107,
0.31-10°, 0.19-10°, 0.08-10°. From the obtained re-
sults of the analysis it can be established that with an
increase in the concentration of AP from 0.5 to 30 wit.
% a regular decrease in K is observed, approximately,
by 50 times, and in relation to the initial LDPE — by
15 times.

lg(-Ing)

4 -

3.

w
:

¢ 1 2 3 4 lgt
Fig. 3. The effect of AP concentration on the kinetic regularity
and the mechanism of crystallization of composites based on
LDPE + AP in the area of the first-order phase transition, in wt.%:
1 -initial LDPE;2-0.5;3-1.0;4-5.0;5-10;6-20; 7 -30
Puc. 3. Bmusnue koHnenTparmu All Ha KMHETHUECKYTO 3aKOHOME-
HOCTb U MEXaHM3M KPUCTAJUIM3AllM KOMIIO3UTOB HAa OCHOBE
[TOHIT+AIT B o6mactu ha3oBoro mepexoza mepBoro posa, B % macc.:
1 - uexommsiii [TOHIT; 2 - 0,5; 3—-1,0; 4—-5,0; 5 - 10; 6 - 20; 7— 30

To evaluate the growth mechanism and the for-
mation of crystals, we found the value of n, which, as
it turned out, depends on the degree of filling. So, for
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example, for the initial LDPE and composites with the
content of AP in the range of 0.5-10 wt. %, the value
of n is approximately 3, which corresponds to the
spherical (three-dimensional) type of growth of crys-
talline structures with the continuous formation of
crystallization centers. With a degree of filling of 20-
30 wt. % of AP, the value of n becomes equal to about
2, which characterizes the plate-like (two-dimensional)
type of crystal growth with the continuous formation
of crystallization centers. In this case, the term "contin-
uous formation of crystallization centers" indicates that
the rate of formation of these centers remains constant
throughout the study of the nucleation process in the
region of the first-order phase transition.

It should be noted that the method of dilato-
metric measurements allows to obtain quite useful in-
formation about the nature of the formation of crystal
structures in the process of cooling the melt of a poly-
meric material. At the same time, the process of com-
pact packaging of ordered structural formations is ac-
companied by a regular decrease in the specific volume
[18-20]. This is due to the fact that the processing of
polymeric materials at the final stage is characterized
by cooling the melt and holding time under pressure in
the press mold, as a result of which it is possible to
form structural products of various configurations.
And depending on how properly the mode of cooling
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the molten composite in the press mold of the injection
molding machine is observed, the molded plastic prod-
uct becomes so high-quality. In particular, as a result
of studying the kinetic regularities of composites crys-
tallization, it was found that the rate of their crystalli-
zation from the melt slows down with the loading of a
large amount of filler. The latter circumstance suggests
that for relatively highly filled composites it is neces-
sary to increase the time of their cooling in the mold.

CONCLUSIONS

Thus, based on the above, it can be stated that
the method of dilatometry of polymer samples during
stepwise cooling allows us to investigate not only the
regularity of changes in specific volume from temper-
ature, but also to fix the first-order phase transition, de-
termine the temperature dependence of the occupied
and free specific volumes, calculate approximate tem-
perature values of glass transition of composites and
establish the mechanism and type of growth of crystal-
line formations depending on the concentration of AP.
Along with this, it becomes obvious that the method of
dilatometric measurements provides the necessary in-
formation to select the optimal cooling conditions for
the polymer composite during the process of injection
molding.
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