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Objectives. The aim is to calculate the composition of dispersion-filled polymer composite
materials with different fillers and structures and to highlight differences in the expression of
said composition in mass and volume units.

Methods. The paper presents the calculation of compositions in mass and volume units for
various types of structures comprising dispersion-filled polymer composite materials according to
their classification: diluted, low-filled, medium-filled, and highly-filled systems.

Results. For calculations, we used fillers with densities ranging from 0.00129 g/cm? (air) to
22.0 g/cm?® (osmium) and polymer matrices with densities between 0.8 g/cm® and 1.5 g/cm?,
which represent almost all known fillers and polymer matrices used to create dispersion-filled
polymer composite materials. The general dependences of the filler content on the ratio of the filler
density to the density of the polymer matrix for dispersion-filled polymer composite materials
with different types of dispersed structures are presented. It is shown that to describe structures
comprising different types of dispersion-filled polymer composite materials (diluted, low-filled,
medium-filled, and highly-filled) it is necessary to use only the volume ratios of components
in the calculations. Compositions presented in mass units do not describe the construction of
dispersion-filled polymer composite material structures because using the same composition in
volume units, different ratios of components can be obtained for different fillers.

Conclusions. The dependences of the properties of dispersion-filled polymer composite materials
should be represented in the coordinates of the property—content of the dispersed phase only in
volume units (vol % or vol. fract.) because the structure determines the properties. Compositions
presented in mass units are necessary for receiving batches upon receipt of dispersion-filled
polymer composite materials. Formulas are given for calculating and converting dispersion-filled
polymer composite material compositions from bulk to mass units, and vice versa.
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Pacuyer coCTaBOB AMCIEPCHBIX HANMOJIHEHHBIX MOJIMMEPHbIX
KOMIIO3MIMOHHBIX MATEPUAJIOB € PA3HOIl CTPYKTYpPOu

9.H. Hryen, M.B. CanbapoBa®, H.[l. CHMOHOB-EMeAbSIHOB
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Ienu. Llenv pabomsl — npedocmasume pacuemsl N0 COCMa8aMm OUCNEPCHO-HANOSIHEHHbBLX NOJU-
MEPHBIX KOMNO3ZUYUOHHbIX mamepuanog ([HIIKM) ¢ pasHbimMu HanoaHumensimu u cmpykmy-
pamu, a makxke noKasams CYuecmaeHHble Pasiudus Npu 8blparkKeHull CoCmasa 8 MAacco8blx U
06beMHBbIX eOUHUYUAX.

Memoobut. B pabome npusgederbl pacuembl COCMAago8 8 MACCO8blX U 00beMHbIX eOUHUUAX O/s
PA3NUUHBLX 8UO008 CMPYKMYP OUCNEPCHO-HANONHEHHBLX NOJUMEPHBIX KOMNOIUYUOHHBLX Mmame-
puanog co2nacHo ux kKaaccugurkayuu: pazbaeneHHsle, HUIKOHANONAHEHHble, CPeOHEeHANOSHeH-
Hble U 8blCOKOHANOIHEHHbLE cucmemet.

Pesynemamel. /115 pacuemos ucnosise308aHsblL HanoaHumenu ¢ niomyocmosto om 0.00129 (8o30yx)
0o 22.0 2/cm’ (ocmuli) u nonumepHsle mampuubl ¢ naomHocmeto om 0.8 do 1.5 2/cm’, komopule
oxeamulearom NpaKmuuecku ece usgecmuble HanoJHUMenAuU U NoAUMEepHble Mampuubl, UCNOJb-
3yemwle onsi cozoarust [THITKM. ITpedcmagneHsbl 0606uieHHble 3a8UCUMOCMU COOEPAAHUSL HANO-
Humesell om OmHOWeHUsL NJIOMHOCMU HANOJHUMENS K NJIOMHOCMU NOJAUMEPHOU Mampuysbl 05
LHITKM ¢ pasHbimu sudamu ducnepcHoil cmpyxmypet. Ilokazaro, umo 0k OnUCaHust pasHulx
eudoe cmpykmyp AHIIKM — pasbasnieHHble, HUSKOHANOJHEHHblE, CPEOHeHANOJIHEHHbLE U 8blCO-
KOHANONIHEeHHble — HEeobX00UMO 8 pacuemax UCNOSb308AMb MObKO 00 beMHble COOMHOULeHUS
KomnoreHmos. Cocmasst, npedcmagieHHble 8 MACCO8blLX eOUHULAX, HE ONUCLIBAIOM NOCMpPOEeHUe
cmpyxkmyp JAHIIKM, mak Kakx npu 00HOM cocmage 8 06 beMHbIX €0UHULUAX MOAHO NOSYUUMB 051
PpasHblLX HanoaHumenel pasHoe cCoomHouleHue KOMNOHEeHMmMos.

Buteoout. 3asucumocmu ceoticme [IHIIKM cnedyem npedcmaensime 8 K0oOpOUHAMAX CE0UCmaeo—
codeprkaHue oucnepcHoll pasbl MoNbKO 8 06beMmHblX eduHuyax (06. % unu o06. 0.), max Kak
cmpykmypa onpedensiem cgoticmea. Cocmasgsl, npedcmaeieHHble 8 MACCO8bLX eOUHUUAX, Heob-
X00uMmblL 0Nt nonyueHust Hasecok npu noayueruu JHIIKM. IIpugedetsbl popmysibl Ot pacuema
u nepeesoda cocmaeos [IHITKM u3 06beMHblLX 8 MacCCo8ble eOUHUUbL U Haobopom.

Knroueesvle cnoea: nonumepsl, HANOAHUMENU, OUCNEPCHO-HANOJHEHHblEe NOAUMEDPHbLE KOMNO-
3ULUOHHblLE MAMepuUabl, cmpykmypa, ceoticmea.

Jna yumuposanun: Hryen U.H., CanbapoBa M.B., Cumonos-Emenssnos 1.J[. Pacuet cocTaBoB AuCHEPCHBIX HAMOIHEH-
HBIX MOJIMMEPHBIX KOMIIO3HIIMOHHBIX MaTepHaliOB ¢ Pa3HOU CTPYKTypoil. Torkue xumuyeckue mexnonocuu. 2020;15(1):62-66.
https://doi.org/10.32362/2410-6593-2020-15-1-62-66

Determining the content of initial components in
dispersion-filled polymer composite materials (DFPCM)
with different structures and the design and calculation
of such compositions is generally performed in mass
units (mass fract. or mass %) [1-5]. Mass units indicate
the presence of initial components in DFPCM (alongside
weighed portions) but do not reflect the construction of
various types of dispersed structures. These structures
are divided into diluted (DS), low-filled (LFS), medium-
filled (MFS), and highly-filled (HFS) systems [6].
Analysis of scientific and technical literature showed
that when discussing the structure and properties of
DFPCM, data and the dependence of properties based
on the content of the dispersed phase were provided
primarily in units of mass.

Research on polymer materials highlights that
material structure determines their properties. However,
the structure of DFPCM and their parameters can be
described only in volume units (vol. fract. or vol %)
because when using mass units, the density ratio of the
initial components in the dispersed system must be taken
into account. Therefore, in the case of DFPCM, at a
constant volume fraction (¢, vol. fract.), e.g., 0.16 vol. fract.
of the dispersed phase of the filler with different particle
densities (from 0.00129 to 22.0 g/cm?), the mass fraction
will vary from 0.0007 to 0.96 at the constant density of
the polymer matrix [7].

Calculation of fillers in this work was performed using
density ranging from 0.00129 (air) to 22.0 g/cm? (osmium);
this included the range for all known fillers for polymer
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Fig. 1. Dependence of filler content ¢_in mass fractions
(mass fract.) in DFPCM with a polymer matrix density py=
0.8 g/lem?(1), p,=10 glem?(2), p,= 1.5 g/lem?® (3)
at constant volumetric content ¢, = 0.16 vol. fract.

on the density of filler.

composite materials. Figure 1 shows the dependences of
the content of the dispersed phase in DFPCM expressed
in mass fractions, at different densities of the polymer
matrix (0.8—1.5 g/cm?), as well as a constant filler content
at 0.16 vol. fract. of filler density.

The presented data show that at constant structural
parameters (¢, = 0.16 vol. fract.), the composition of
DFPCM expressed in mass units (mass fract.) was
determined by the true density of the filler and the
matrix and varied from 0.0007 to 0.96 mass fract.

In a generalized form, the graphs in Fig. 1 can be
shown in different coordinates where the X-axis displays
the ratio of densities (filler to polymer matrix). When
doing so, the curve does not change according to the
density of the polymer matrix. To determine the content
of the dispersed phase in mass units at a constant volume
fraction (0.16 vol. fract.), density ratio p./ p_should be
calculated first for a specific DFPCM (Fig. 2).

This example convincingly shows that the
structural parameters of DFPCM can be correctly
expressed only in volume units (vol. fract. or vol %).
In this case, they were not dependent on the density
of the dispersed filler or the polymer matrix, which
allowed us to compare the results for filled systems
with different fillers and matrices. Thus, when
designing DFPCM compositions with a set of specified
properties and when representing dependences, data
should only be provided in volume units (vol. fract.
or vol %) as shown in [7].

Recalculation of DFPCM composition from
mass unit (¢, ) to volume unit (¢ ), and vice versa,
can be done for a two-phase system (filler + polymer
matrix) by employing the following equations [6]:

.87
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Fig. 2. Dependence of filler content ¢, in mass fractions
(mass fract.) in a DFPCM on the density ratio

of the filler to the polymer matrix
at constant volumetric content ¢ = 0.16 vol. fract.

)

Py = 1 p , vol. fract. (1)
Pmass,f Pr
Pmass,f = (D‘I: p ,mass fract. 2)
¢V,f (1 - pj + P
Pt Pr

The content of the dispersed filler is selected
according to the classification of dispersed systems,
based on the structural principle [6], lattice
parameters (coordination number Z and packing
density coefficient kp), and the generalized structural
parameter 0—the proportion of the polymer matrix
for the formation of interlayers between dispersed
particles.

The structural classification of DFPCM allows
them to be divided into DS, LFS, MFS, and HFS
types. Generalized parameter 6 serves as the basis for
the classification of all DFPCM based on the structural
principle: DS: diluted systems — 1.0 >6>0.90 vol. fract.;
LFES: low-filled systems — 0.90 > § > 0.75 vol. fract.;
MFS: medium-filled systems —0.75 > 6 > 0.20 vol. fract;
MFS-1 - 0.75 > 8 > 0.45 vol. fract. (up to yield stress);
MFS-2 — 0.45 > 6 > 0.20 vol. fract. (after yield stress);
HFES: highly-filled systems — 0.20 > 6 > 0.0 vol. fract.

When the maximum dispersed filler packing (¢, )
is known and filler content varies, the generalized
structural parameter 6 can be found using the
following formula [6]:

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2020;15(1):62-66

64



Chong N. Nguyen, Minzalya V. Sanyarova, Igor D. Simonov-Emel’yanov

QZM, 3)
Pm

rie ¢ . is the volumetric content of dispersed filler

and f3 =[1+?j is the coefficient that takes into

account the ratio of the thickness of the boundary layer
(0) to diameter (d) of the dispersed particle.

When the boundary layer thickness ¢ in a DFPCM
ranges from 50 to 500 nm and for dispersed particles with
a diameter of more than 10 pum, a simplified formula can
be used to calculate filler content [6]:

Hz((pm_(pv,f) ) 4)

Pm

When the generalized structural parameter 6 is
found, the dispersed filler content and the composition
of the polymer can be determined for each type of
DFPCM—DS, LFS, MFS, or HFS. The calculations
below serve as an example for the content of dispersed
filler in volume units at a value of ¢ = 0.64 for various
dispersed systems according to their classification:
DS: 0.076 vol. fract.; LFS: 0.16 vol. fract.; MFS-1:
0.255 vol. fract.; MFS-2: 0.34 vol. fract.; HFS: 0.52
and 0.64 vol. fract.

For DFPCM of different structures, it is possible
to construct generalized dependences for the dispersed
filler content in mass units at different constant
values of the filler content in volume units. This will
help to determine the construction of dispersions of
various types of structures—DS, LFS, MFS, and HFS.
Figure 3 shows the dependences of ¢ . in DFPCM
at constant values of ¢, which are characteristic of
different types of structures, on the density ratio of
the filler to the polymer matrix.

For dispersed fillers with different ¢_ values,
the content of the filler in volume units (¢ ) was
determined by formulas (1) and (2) for different types
of DFPCM structures (DS, LFS, MFS, and HFS); then,
P aser Was found at a constant ¢ (Fig. 3). The data
noted in Fig. 3—based on calculations of the DFPCM
compositions in mass and volume units—include
almost all known polymer matrices and fillers.

Data on DFPCM properties presented in mass
units are true only for a specific polymer matrix and
dispersed filler. They are not related to the structure
of the composite material and do not allow for
comparing dispersed systems with one another. Thus,
to design the structure—DS, LFS, MFS, and HFS—the
composition of DFPCM should be calculated, and the
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Fig. 3. Dependence of filler content ¢ in mass
fractions (mass fract.) in DFPCM on density ratio
p;/ p, at constant volumetric content ¢, :

1 -DS, 0.076 vol. fract. (8 = 0.90 vol. fract.);

2 —LFS, 0.16 vol. fract. (8 =0.75 vol. fract.);

3 — MFS, 0.255 vol. fract. (6 = 0.60 vol. fract.);
4 — HFS, 0.52 vol. fract. (8 = 0.20 vol. fract.);

5 — HFS, 0.64 vol. fract. (8 =0.0 vol. fract.).

feature—filler content functions should be considered
using only volume units.

The results presented herein enable a purposeful
calculation of the DFPCM composition of different
types of structures, determining the content of
dispersed filler in both volume and mass units for
almost all polymer matrices and fillers and correctly
describing the composition—property dependences in
the volume ratios of components.

CONCLUSIONS

This paper presented calculations for the
composition of various types of DFPCM structures
according to their classification in mass and
volume units. Additionally, the necessity for
using only volumetric ratios of components in
calculations to describe different types of DFPCM
structures was underscored because in doing so,
different compositions can be compared, since the
obtained structural parameters will not depend on
the densities of components. Rather, the specific
structure will determine the properties. Accordingly,
the dependences of DFPCM properties must be
represented in the property—dispersed phase content
coordinates only in volume units (vol % or vol. fract.).

The authors declare no conflicts of interest.
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