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Backgrounds. The regularities of the structure formation of polymer microcomposite materials during their cooling from the melt
are established.

Objective. The aim of the work is to study the crystallization features of microcomposites based on a polypropylene matrix with a
filler in the form of aluminum microparticles.

Methods. The research technique includes two stages: the experimental receipt of crystallization exotherms and, based on them, the
theoretical determination of the main characteristics of the structure formation process.

Results. The patterns of composites crystallization were studied in a wide range of changes in the melt cooling rate and the mass
fraction of filler for microcomposites obtained by two methods, the first of which is based on mixing the components in dry form, the
second — in the polymer melt. An analysis of the structure formation mechanisms of the studied composites at the nucleation stage
and at the stage of structures formation in the melt volume is made.

Conclusions. It is shown that at the first of the indicated stages, a planar and volumetric crystallization mechanism is realized with
some prevalence of the volumetric one. At the second stage, when using the method of producing composites, based on the mixing of
components in a dry form, a tense matrix mechanism takes place; when implementing the method of mixing components in a polymer
melt, the structure formation mechanism depends on the mass fraction of the filler.

Keywords: polymer microcomposites; structure formation mechanisms, crystallization exotherms; microcomposites production
methods

Introduction

Among the synthetic materials, which significantly displaced traditional natural materials in modern production,
polymer microcomposites occupy a special place. This is largely due to the wide variety of their properties, the possibility of
production new composites due to the special choice of their components — both the type of polymer matrix, and the material
and concentration of the filler. In this case, it is possible to create composites with the required set of pro-perties (strength,
deformation, heat-conducting, etc.), oriented to the specific conditions of their operation[1 — 12].

The development of polymer composite materials with the necessary combination of properties is based on
comprehensive research, including the selection of the polymer matrix material, the type and mass fraction of the filler,
the study of the structural formation of the composites depending on the method of their producing, its technological
parameters, etc.

The aim of this work is to establish the patterns of structure formation of polymer microcomposites with a
polypropylene matrix filled with aluminum microparticles.

Research methods and materials used

The experimental calculation method for studying crystallization processes included two stages. The first stage
consisted of constructing experimental crystallization exotherms of the composite during its cooling from the melt at a
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given constant velocity. In this case, the sample placed in the cell was heated to a temperature exceeding the polymer
melting point by 50 K, kept at this temperature for 180 s and then cooled to 400 K at a fixed cooling velocity
(V:=0.00833 ... 0.333 K/s). The specific heat flux removed from the composite was determined in a dry nitrogen
atmosphere by method of differential scanning calorimetry using a Perkin-Elmer DSC-2 instrument with modified
software from IFA GmbUIm. The second stage was the theoretical determination based on the obtained experimental
data of the characteristics of the crystallization process:

a) at the stage of nucleation of individual structurally ordered subregions using the nucleation equation
n{ ¥, [(m+1) Ty =Ty J(T)" /73 (AT) " | =10 (K., fa, )=, (T )" [T (AT)" 1

b) at the stage of formation of such structures in the entire volume of the composite using the standard and modified
Kolmogorov-Avrami equations

oc(r):l—exp(—Kn r”), )

a(t) :f[l—exp(—K,'l r”')}r(l—f)-[l—exp(—K,’l' 7 )J, (3)

where a,, is the reduced nucleation parameter; f'is the relative volume fraction of the crystalline phase corresponding to
crystallization on fluctuations in the density of the polymer; K, —reduced transport barrier; K, — is the effective
velocity constant; m is the dimensionless form parameter; # is the pseudo-parameter of the form; 7 is the temperature;
Ty, Tx — temperature of the beginning and end of crystallization; AT is the crystallization temperature range; 7), — melt

temperature corresponding to the maximum value of specific heat flux Q, = O™ ;

% a is the relative volume fraction of
the crystalline phase; 7 is the reduced time, T = V; ‘f; ¢ is time, V; is the cooling velocity; the superscripts “'” and “"”
correspond to the crystallization mechanism on fluctuations of polymer density and on filler nanoparticles, respectively.

As for the experimental methods for producing polymer composites, two methods were used in the work:
method I, based on the mixing of components that are in dry form, using a magnetic stirrer and an ultrasonic dispersant
and then with hot pressing of the resulting composition, and method II, which is based on mixing components in the
polymer melt with the use of a disk extruder with further molding of the composite into the required form by hot
pressing.

Composites based on a polypropylene matrix were investigated. The aluminum microparticles used as a dispersed
filler were made of aluminum chips by grinding them in a ball mill until particles (0.5 ... 1) micron in size were formed.

Research results

The main results of the research first stage aimed at experimental obtaining exotherms of crystallization of the
studied microcomposites by both methods under consideration are shown in Fig. 1 and Table 1.

The experimentally obtained crystallization exotherms were used to theoretically analyze the structural features
of the polymer microcomposites under consideration. To determine the characteristics of structure formation at the
initial stage of crystallization, the nucleation equation was solved for two values of the shape parameter, m=1 and
m = 2, corresponding to planar and volumetric mechanisms of structure formation, respectively. Studies were conducted
for various values of the mass fraction of the filler. The calculation data are presented in table 2 for the two methods
under consideration.

As for the second stage of crystallization — the stage of structure formation in the bulk of the composite, two
mechanisms of crystal formation were studied here. In the first of them, the main role is played by the polymer matrix
itself (crystallization occurs on fluctuations in the polymer density); in the second one the main role belongs to filler
particles serving as crystallization centers. In accordance with this, the analysis of experimental crystallization
exotherms was carried out for the first case using the Kolmogorov — Avrami equation (2), for the second one, its
modified version (3) was used, see table 3.

As follows from the data presented (Table 1), the influence of the method of producing polymer composites on
the characteristic crystallization temperatures is small. When the components are mixed in dry form (method I), the
temperatures of the onset TN and the end TK of crystallization are generally lower than when they are mixed in a
polymer melt (method II). Moreover, the differences in TN do not exceed half a degree, and in TK they are 0 ... 0.4 K
for small values of the mass fraction of the filler ® (o = 0.2 — 0.3 %), and 1.5 ... 2.0 K for values ® = 1.0 — 4.0 %.
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Fig. 1. The crystallization exotherms of polymer microcomposites based on polypropylene, filled with aluminum
microparticles, with their mass fraction ® = 0.2 % (a, e), 0.3 % (b, f), 1.0 % (c, g), 4.0 % (g, #) under the conditions
of obtaining composites by method I (a—d) and method II (d-4) for different cooling velocity from the melt Vi
1-7V:=0.00833 K/s; 2—0.0333 K/s; 3 —0.0833 K/s; 4 —-0.333 K/s
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Table 1. Characteristics of the crystallization process of polymer polypropylene microcomposites filled with aluminum
microparticles at various methods for their producing

o.% | Tv.K | Rk | Tk [ AT O o oy K| R K | T k| AT O
K Wikg K | Wikg
Method 1 Method 1T
V,=0,00833 K/s
T a0 405,9 401,2 8,9 7,3 0,2 4102 | 4062 | 4012 | 90 | 7.1
03 | 4099 | 4057 400.9 9.0 7.1 0.3 4101 | 4060 | 4012 | 89 | 7.0
10 | 4098 4055 400,7 9,1 6,9 1,0 4100 | 4061 | 4022 | 7.8 | 8,1
40 | 4096 405,4 400,6 9,0 7,0 4,0 4099 | 406, | 4023 | 7.6 | 82
V,=0,0333 K/s
02 | 4036 398,9 394,1 9,5 5.1 0.2 4040 | 3991 | 3943 | 97 | 53
03 | 4035 398,7 394,0 9,5 5,0 03 4037 | 3989 | 3943 | 94 | 52
TR 398.5 393.9 9.3 5.1 1,0 4035 | 3990 | 3956 | 7.9 | 63
20 | 4032 398.,6 393.8 9.4 5.1 40 4036 | 3991 | 3958 | 7.8 | 64
V= 10,0833 K/s
02 | 4012 394,2 389.2 12,0 3.1 0.2 401,5 | 3946 | 3894 | 12,1 ] 3,1
03 | 401,0 394,2 388,9 12,1 2,9 03 4013 | 3943 | 3893 [ 120] 3,
10| 4007 393,9 388,5 12,2 3,0 1,0 4010 | 3940 | 390,1 | 109 | 42
40 | 4007 393,8 388.,6 12,1 3.0 40 4012 | 3941 | 3902 | 11,0 | 4,1
Vi=03333 K/s
02 | 3948 388,0 381,1 13,7 2,5 0.2 3950 | 388,01 | 3812 | 139 | 26
03 | 3947 387,9 380,9 13,8 2,6 03 3949 | 3882 | 3811 | 138 | 25
1,0 | 3946 387.8 381,0 13,6 2,5 1,0 3946 | 3883 | 3830 | 11,6 | 35
40 | 3944 | 3880 3812 | 132 | 26 4,0 3942 | 3882 | 3828 | 114 34

Table 2. Parameters of structure formation at the initial stage of crystallization of polypropylene polymer microcomposites
filled with aluminum microparticles at various methods for their producing

o, % ai, K Ki, 1/c R; a2,10°K K2, 1/c R>
Method I
0,0 0,175 0,0110 0,8842 3,61 2,13 0,9995
0.2 0,183 0,0095 0,8789 3,08 1,58 0,9951
0,3 0,184 0,0092 0,8731 4,00 1,53 0,9937
1,0 0,197 0,0071 0,8692 4,04 1,39 0,9911
4,0 0,208 0,0034 0,8779 4,09 1,09 0,9923
Method 1T
0,0 0,175 0,0110 0,8842 3,61 2,13 0,9995
0.2 0,177 0,0099 0,8289 3,72 1,69 0,9931
0,3 0,179 0,0094 0,8311 3,77 1,62 0,9927
1,0 0,195 0,0076 0,9018 421 141 0,9911
4,0 0,218 0,0031 0,9039 4,28 1,26 0,9923
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Table 3. Parameters of structure formation at the crystallization stage in the volume of polypropylene-based polymer
microcomposites filled with aluminum microparticles at various methods for their producing

Equation (2) Equation (3)
v,
o, % KJs , "
no | K 105K | 2105 | f W10SKY | a7 | K0 105K | 42, 10°

0.0083 | 49 182 79 | 0386 83 46 311 4

0 0.0333 | 49 195 83 | 085 91 46 267 7
: 0.0833 | 438 204 73 | 088 54 4.4 231 4
03333 | 438 237 2 | 085 39 4.4 201 7

0,0083 | 438 186 101 | 0,84 58 46 364 9

03 00333 | 438 197 9% | 085 64 43 301 8
: 00833 | 438 223 88 | 0385 49 43 264 5
03333 | 47 247 6 | 0386 52 4.4 197 2

0,0083 | 438 184 87 | 087 67 4,1 123 6

00333 | 47 193 9% | 085 41 4,1 169 7

1.0 00833 | 4.6 204 9 | 088 63 40 281 8
03333 | 46 351 101 | 0,84 59 3.9 397 3

0.0083 | 5.1 195 106 | 0.84 61 40 163 1

0 0.0333 | 49 201 97 | 086 39 40 203 3
: 0.0833 | 438 289 59 | 088 79 3.9 265 3
03333 | 49 346 78 | 087 101 3.8 312 5

Method II

0.0083 | 5.0 170 81 | 0.82 71 438 309 6

0 00333 | 49 156 6 | 081 67 438 290 2
: 0.0833 | 4.9 196 70 | 081 94 4.6 248 3
03333 | 438 206 83 | 082 49 47 223 6

0,0083 | 49 175 56 | 081 51 43 334 4

03 00333 | 49 162 75 | 082 56 47 298 5
: 00833 | 438 189 64 | 0385 75 47 264 8
03333 | 438 213 94 | 084 71 4.6 202 4

0,0083 | 5,0 198 89 | 0.83 56 32 148 5

o 00333 | 438 209 90 | 084 82 33 178 2
: 00833 | 49 286 91 | 082 89 34 234 1
03333 | 438 331 78 | 084 61 32 293 6

0,0083 | 5.1 204 82 | 086 79 3.0 162 2

0 00333 | 5.1 263 56 | 085 47 3.0 187 5
: 0.0833 | 52 299 49 | 082 31 33 231 4
03333 | 438 356 37 | 0381 89 32 254 6

The differences in the temperature ranges of crystallization AT for the compared methods are more complex.
At ® = 0.2 %, AT values for method I are slightly lower (by 0.1 — 0.2 K) than for method II. For large values of ®
(0 =0.3 — 4.0 %), the opposite is true: AT for method I become higher than for method I, and the differences between
them increase with increasing ®, reaching 2 K at high cooling velocities. The method of producing microcomposites
also affects the value (Q"* ) and position (7i) of the maximum specific heat flux (see Fig. 1, Table 1). The

max
n

discrepancies between the values O, found using different methods depend on the mass fraction @ of the filler. For
small o, these discrepancies are small (not more than 0.2 W/kg), but may have different signs. For large o (0 =
= 1.0 — 4.0 %), the values of Q" for composites obtained by method IT are always higher than when using method I

(the differences are 0.8 — 1.3 W/kg). The temperature of the ) corresponding to the maximum heat flux Q" for all

the studied parameter values for method II is by 0.1 — 0.7 K higher than for method 1.

As for the influence of the cooling velocity V;, it follows from the obtained data that an increase in V; from values
of 0.00833 K/s to 0.333 K/s leads to a very significant change in the main characteristics of the crystallization process
of the considered polymer microcomposites. In this case, the temperatures of the beginning and end of crystallization
decrease by 15.2 ... 15.7 K and 19.2 ... 20.1 K, respectively, and the temperature range of crystallization increases
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by 3.8 ... 4.9 K; the value of the maximum specific heat flux Q"**

n
temperature of the 7y, decreases by 17.4 ... 18.1 K.

The results obtained indicate a quite satisfactory correlation between the calculated and experimental data
(Table 2). From an analysis of the data presented, it follows that under the considered conditions both crystallization
mechanisms, both planar and volume, occur. However, since the values of the correlation coefficient R, for all the given
data exceed the corresponding values of the correlation coefficient R;, we can conclude that there is some predominance
of the volumetric mechanism over the planar one.

It should be noted that the dependence of the degree of the indicated predominance on the mass fraction of the
filler o is related to the method used to produce the microcomposite. If this dependence is practically absent for method
I, then for method 11, for ® = 0.2 ... 0.3 %, the degree of this predominance increases, and for ® =1 ... 4 % it decreases,
becoming smaller than for the case of an unfilled polymer (o = 0).

The obtained calculation results show (see Table 3) that during crystallization on fluctuations of the polymer
density, the values of the pseudoparameter of form 7 in the entire investigated area of parameter changes lie in the range
n=4.6...5.2, which indicates the implementation of the strained matrix mechanism under these conditions.

During crystallization on particles of the filler, the method of producing a microcomposite is affected by the
structure formation features. When using method I, crystallization occurs in accordance with the mechanism of the
strained matrix (for all considered values of the mass fraction of filler ® and cooling velocity ¥, the pseudoparameter of
the form n” varies in the range n" = 3.8 ... 4.6). For composites producing by method II, the crystallization mechanism
substantially depends on the mass fraction of filler ®. For small values of @ (@ < 0.3 %), the mechanism of the stressed
matrix is realized (the pseudoparameter of the form is n" = 4.6 ... .4.8), and for large values of ® (o = 1 ... 4 %) the
crystallization mechanism under consideration becomes three-dimensional, three-dimensional (n"= 3.0 ... 3.4).

increases by 2.3 ... 2.9 times, and the corresponding

Conclusions

A complex of experimental and computational studies of the structure formation processes of polymer
microcomposites based on polypropylene using aluminum microparticles as a filler has been performed.

Data on the characteristics of these processes for two methods of producing the materials under consideration —
methods based on the mixing of components in dry form and in polymer melt were obtained. The regularities of the
influence of such factors as the mass fraction of the filler and the cooling velocity of the composite from the melt on the
structure formation parameters of the studied polymer composites were established.
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Oco0eHHOCTH CTPYKTYPOOOPA30BAHUS JUCTIEPCHOHATIOJIHEHHBIX
MHUKPOKOMIIO3UTOB C MOJUINPONUICHOBOI MaTpuuei

H. M. ®naaxo, P. B. lunskoc, 0. B. Illepenxosckuii, H. O. Mepanosa, P. A. HaBpoackas

Ilpobnemamuka. Ycmanosnensi 3aKOHOMEPHOCHU CIIPYKIMYPOOOPA308ANUSL NOTUMEPHBIX MUKPOKOMNOZUYUOHHBIX MAMEPUANOs8 Npu
ux oxnaxcoenuu u3z pacniasa. Llens pabomsr cocmoum 6 usyuenuu ocobeHHocmeti KpUCMaiiu3ayu MUKpOKOMNO3UMO8 HA OCHO8e
NOIUNPONUNIEHOBOU MAMPUYBL C HANOTHUMENEM 8 BUOe MUKPOUACTNUY ATIOMUHUAL.

Memooduka ucciedoganuii 6Knioyaem 06a dmana: IKCNEPUMEHMANbHOe NOAYYeHUue IK30MmepmM KPUCMAIIU3ayuu U HA UX OCHOBe
meopemuueckoe onpeoeienie OCHOBHbIX XaPAKMEPUCMUK NPOYecca CMpyKmypooopa3o8anus.

Pesynvmamul. H3yuenvl 3akoOHOMEPHOCMU KDUCANTUZAYUU KOMIOZUMOE 8 WUPOKOM OUANAZ0HE UBSMEHEHUS CKOPOCHU OXTAHCOEHUS
Ppacnuasa u Maccogoti 001U HanoIHUMens Ol MUKpOKOMNO3UMO8B, NOYYAeMblX O8YMA MeMOOamu, Nepeslll U3 KOmopuix 6asupyemcs
Ha  cMewleHuu KOMNOHEHMO8 6 CYXOoM 6ude, GMOpOl—6 pacniage noaumepa. Beinonnen —anamuz  mexanuzmos
CMpYKmypooopasoeanus u3y4aemvix KOMRO3UMOG HA CMaouu HyKieayuu U Ha cmaouu Gopmuposauus cmpykmyp 6 odveme
pacnnasa.

Bui1eoowi. Tloxkasano, umo na nepeoui u3 YKA3aHHLIX CIMAOUI peanu3yemcs NIOCKOCIHOU U 00beMHbIN MEeXAHUZM KPUCMATAUZAYUY
npu Hekomopom npeobnadanuu obvemnozo. Ha emopou cmaouu npu uUCnonb308aHuu Memood NOAYyHeHus KOMHO3UMOS,
bazupylowezoca Ha cMeueHuy KOMNOHEHMO8 8 CYXOM 6ude, UMeem Mecmo Mexanu3mM HANPANCEeHHOU MAmpuybl, npu peanu3ayuu
Memoda cMmeuienus KOMROHEHMOS8 6 pPACnidee NOAUMepd — MeXAHU3M CMPYKMypooOpazo8anus 3asUcum om Maccogoli 0o.u
HanoaHumens.

Knioueswie cnosa: nonumepnvie MUKPOKOMNO3UMbL, MEXAHUIMbL CIPYKMYPOOOPA306aHLUs, IK30MEpMbl KPUCTIAATUZAYULU, MEMOObl
nonyueHus MUKPOKOMNO3UNOS

Oco0MBOCTI CTPYKTYPOYTBOPEHHS AiCIEPCHOHATIOBHEHUX MIKPOKOMIIO3MTIB 3
MOJIINPONIICHOBOI MATPHLICIO

H. M. ®iaaxo, P. B. [lin:koc, 0. B. lllepenxoBcbkuii, H. O. Mepanosa, P. A. HaBpoacbska

Ilpoonemamuka. Bcmanoeneno 3aKoHOMIpHOCMI CMPYKIMYPOYMGEOPEHHA NONIMEPHUX MIKPOKOMNO3IYIUHUX Mamepianie npu ix
0XON00JHCEHHI 3 PO3NIABY.

Mema poéomu nonsieac y 6ugueHHi 0cobOIUGOCMEN KPUCMANI3ayil MIKPOKOMNO3INMO8 HA OCHOGI NONINPONIIeH080I mampuyi 3
Hanoguosauem y 6u2iA0i MiKkpOUaCmMuHOK ANIOMIHIIO.

Memoouka 0ocniodiceny gra04AE 08a eManu: eKCnepuMeHmanbHe OMmpUManis ex3omepm Kpucmanizayii i Ha ix ocnosi meopemuune
BUSHAYEHHS OCHOBHUX XAPAKMEPUCIUK NPOYecy CMPYKMYpPOYMEOPEHHA.

Pesynomamu. Busueno 3aKoHOMIpHOCMI Kpucmanizayii KOMno3umié 6 wupoxkomy O0ianasoHi 3MiHU WEUOKOCMI OXON00NCEeHHS
PO3NIABY | MACOBOI YACMKU HANOBHIOBAYA OJi MIKPOKOMNO3IMO8, wjo 00epaicani 0860Ma Memooamu, nepuuil 3 aKux 6azycmocsa na
3MIULYBAHHI KOMNOHEHMIG 6 CYXOMY 6u2nsioi, opyauii — 6 po3niagi nonimepy. Bukonano amaniz mexamnizmie cmpykmypoymeopeHHs
00CIOACYBAHUX KOMNO3UMIE HA cmadii HyKneayii i Ha cmadii hopmysanus cmpykmyp 6 06 'emi po3niagy.

Bucnosku. Ilokasano, wo Ha nepwiil i3 3a3Hayenux cmaodiil peanizyemvcss NAOWUHHUL I 00'€MHULL MEXaHizM Kpucmanizayii npu
desxomy nepesadicanni 06 ’emnoco. Ha Opyeiil cmadii npu euxopucmanni mMemooy OmpuManHs KOMHO3umie, wo 6a3yemvcs Ha
3MIWY8aHHI KOMNOHEHMI6 6 CYXOMY 6ueiAdi, Mac Micye Mexauism HAnpyxceHoi mampuyi, npu peanizayii memooy 3Miuly8aHHs
KOMNOHENMi6 8 pO3naasi nonimepy — MexaHizm CmpyKmypoymeopeHHs 3a1edcums 6i0 MACO80i YacmKu HAN0GHIOBAUA.

Kniouosi cnosa: nonimepni MikpoKOMNO3umu, Mexanizmu cmpyKkmypoymeopeHisl, ek30mepmu KpUucmanizayii; memoou ompumanHs
MIKPOKOMNO3UMi6
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