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Abstract

The finding a filler for the creation of polymer composite (PC) for constructional purposes, which is able not only
for improving the level of polymer matrix properties, but also significantly for reducing its price was conducted. It
was determined that such fillers are silicas of various modifications, which due to the developed surface and active
“silanol” groups on it are capable of physical and chemical interaction with the polymer matrix. The most common
industrial brands of silicas, such as aerosil, white soot and silica gel were selected for research. As a result of
microscopic investigations it was obtained, that particles of silica of such brands as aerosil and white soot, both in
the initial form and in the polymer matrix are actively aggregated, and create agglomerates up to tens of microns.
This phenomenon is not observed when using silica gel. Therefore, it is more appropriate to be used as the fillers
for PC for construction purposes than other investigated materials. The method of synthesis of silica gel with a high
degree of chemical purity was presented. Comparative investigations of the physico-mechanical, thermophysical
and tribotechnical properties of constructural polymer composites, based on aromatic polyamide, filled by
industrial and synthesized silica gel were performed. It was obtained that PCs with synthesized silica gel have higher
level of properties than industrial ones. This is due to the fact that the primes presented in industrial silica gel
reduce its reinforcing effect on the polymer matrix and adversely affect the friction process during the friction
interaction of the obtained PC with steel.

Keywords: silica; silica gel; polymer; aromatic polyamide; polymer composites; physico-mechanical properties.

HAIIOBHIOBAYI HA OCHOBI AIOKCUAY KPEMHIIO /I IOJIIMEPHUX
KOMITO3ULINHUX MATEPIAJIIB KOHCTPYKIIIMHOI'O IPU3HAYEHHA
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AHoTalif
IIlpoBeseHO aHasi3 100 BU3HA4YeHHs HaNOBHIOBa4da /i CTBOPEHHsS NOJiMepPHUX KOMIO3WIiiHMX MaTepiaiiB
(ITIKM) KOHCTpPYKIiiiHOTO MpU3HAYeHH, AKMH 3/aTHUH He TiJIbKU NOKPALIMTH piBeHb BJIAaCTUBOCTEN MOJIiMepHOI
MaTpuni, a i 3HayHO 3jemeBiTH ii. BU3HayeHo, 0 TaKMMHM HanmoBHIOBaYaMu € cuiainii (IV) okcmam pisHMx
Moaudikanii, AKi 3a paxyHOK pO3BUHEHOI NOBepPXHi Ta aKTUBHMX CHUJIAHOJIbHUX IPyN HA Hil 34aTHI A0 ¢pi3udHOi Ta
ximMiyHOi B3aemojii i3 nosiimepHo0 MaTpuuel. Jaa goc/igKeHb BUGPaHi Hal6i1bLI PO3NOBCIOAKeHI NPOMUC/IO0BI
mapku cwiainiii (IV) okcuziB: 6isa caxa, aepocus, cwiikaresb. B pe3yibtrari MiKpOCKOMiYHMX JOCTiJKeHb
BCTAaHOBWJIM, L0 YaCTUHKU cuiinii (IV) okcuaiB Mapok «6ijsa caxa» i «aepocui», IK y BUXiJHOMY BUTJISIAl TaK iy
noJsiiMepHif MaTpuLi aKTUBHO arperaTylThCcs, CTBOPIOIOYHY arJioMepaTH po3MipaMu A0 AecATKiB MKM. Take aBuine
He CIOCTepiraeTbcsi Npy BUKOPHUCTaHHI cuitikaremo. Tomy cuniniid (IV) okcuz Mapku «cuiaikareab» AOLiIbHilIe
BHKOPUCTOBYBAaTH B fAKOCTi HamoBHIOBauiB [ cTtBopeHHA I[IKM KOHCTpyKuiiiHOro mpu3HadyeHHs, HiX iHmIi
MaTepianay, WO AOCAIA)KYyBaiu. Y Po6GOTi 6y/10 mMpUBeAEHO METOJ CHHTe3y CHJIiKareaw i3 BHCOKHUM CTynmeHeM
xiMiyHOi yucToTH. IIpOoBeAeHi MOPiBHAIBHI JOCHiAKeHHS NOKAa3HUKIB (i3uKo-MexaHiYHMX, Tem10pi3UYHUX Ta
TPUGOTEXHIYHUX BJIACTUBOCTEH KOHCTPYKIiiIHOrO NOJIiMepy Ha OCHOBi apoMaTU4YHOro noJjiamiay ¢enison C1 npu
HaNOBHEHHi NPOMMC/JI0BUM Ta CHHTEe30BaHUM clikaresasiMu. BcranoBieHo, mo I[IKM i3 cuHTe30BaHUM cCHJIiKarejaeM
MalTh Kpalli BJIaCTUBOCTI y NOPiBHAHHI i3 npomuciaoBuM. lle € HacaAiAKOM TOro, W0 JOMIIIKH, AKi NPUCYTHI y
NMPOMMCJI0BOMY CHJIiKaresi, 3MEHIIYIOTb MOro miACUIw0I0OYMA edPeKT Ha MOJIiIMEpHY MaTpUII0 Ta HEraTUBHO
BILIMBAIOTh Ha Npouec TepTAa npu ¢pukLiiiHii B3aemoii orpumanoro IIKM i3 craniio.
Karuosi cnosa: cuniuiit (IV) okcuf; cuitikaresib; nojiMmep; apoMaTUYHUH NoJ1iaMif; nosliMepHU KOMIO3ULIHHUI MaTepiaJs;
di3MK0-MexaHiuHi BJaCTUBOCTI
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AHHoTalus

IpoBeseH aHAIU3 MO HAXOXKAEHUI) HANOJJHUTEISI AJIS1 CO3JAaHUA NMOJTUMEPHBIX KOMIO3UIMOHHBIX MAaTEPHATIOB
(IIKM) KOHCTPYKIIMOHHOT'O Ha3HAY€HHsI, KOTOPbI CIOCOGEH He TOJIBKO YJIYYIINTh YPOBEHb CBOVCTB MOJIMMEPHOM
MaTpHUILbI, 3 U 3HAYUTEJbHO yJAeleBUTh ee. OnpejesieHO, YTO TAKUMH HANMOJHHUTE/ISIMU SIBJISTIOTCS JUOKCHUJBI
KpeMHHUS Pa3HbIX MOAUPUKAIUI, KOTOpPBIE 3a CYET Pa3BUTON MOBEPXHOCTU Y AaKTUBHBIX CHJIAHOJIbHBIX FPYHII HA
Hel crnoco6GHbI K PU3NYEeCKOMY U XMMHYECKOMY B3aMMOJEHCTBHUIO C MOJIUMepHOH MaTpuuei. [ ucciaes0BaHUA
6bLTU BbIGpPaHbl HaUG0JIee pacCIpoCcTpaHéHHbIe NPOMbINLJIEHHbIe MAaPKU JUOKCU/JAa KpeMHUA: 6eJiasi caxa, a3pocu,
CUJIMKaresb. B pe3yjbTaTe MUKPOCKONUYECKUX HUCCAELO0BAaHNNA YCTAHOBUJIH, YTO YaCTUUYKH AUOKCHJA 0B KpEeMHMS
MapoK «6eJjias caXka» U «a3poCcU/I» KaK B MICX0JHOM BH/Je, TAK U B IOJIMMEPHO# MaTpUlle aKTUBHO arperaTupyoTcs,
co3JaBasi arjioMepaTbl J0 JAeCATKOB MUKpPOMeTpoB. Takoe sB/JeHUe He HaGJI0JaeTcAd NPU HCHOJIb30BaAaHUM
cunukarend. [I03ToMy JMOKCHA, KPEeMHHUSI MapKH «CUJIMKarejb» IeJiecOoGpa3Hee HCIO0JIb30BaTh B KadyecTBe
HamnoJIHUTeJIs AJis co3aaHusa [IKM KOHCTpYKIIMOHHOT0 Ha3HAY€eHUs, YeM Jpyrue paccMaTpuBaeMble MaTepHuassl. B
pa6oTe npuBeJeH MeTOJ CHHTe3a CUJIMKaresjs C BBICOKOH CTeNeHbl0 XUMHYeCKOH 4HucToThl. IIpoBejeHbI
CpaBHUTe/IbHbIE HCC/IEeJ0BaHUA MOKa3aTesjeld (PpU3NKO-MeXaHUYECKHX, TelIopU3ndecKUX U TPHUOGOJIOTHYeCKUX
cpolictB IIKM KOHCTPYKIIMOHHOTrO Ha3HayeHMsT Ha OCHOBe apoMaThdeckoro mnosauamMuja ¢enwiona Cl,
HaMOJIHEHHOT'0 NPOMBIIIJIEHHBIM U CHHTEe3HPOBaHHBIM CHJIMKarejeM. YcTaHoB/IeHO, 4To I[IKM ¢ cHHTe3upOBaHHBIM
CUJIMKaresjgeM MMeIOT JIyylliMe CBOWCTBA B CPABHEHUM C NMPOMBIIIJIEHHBIM. JTO SIBJISIETCS CJIeACTBHEM TOro, YTO
npuMecH, KOTOpble HAaXOJSTCA B NPOMBINUIEHHOM CHJIMKarese, yMEeHbIIAIOT €ro yCU/IHUBamllee BJIAUSHUE Ha
NOJIMMEPHYK® MaTpHMIy M HEraTUBHO BJIMSIOT Ha MPOIECC TpPeHUsaA npu (PUKIHOHHOM B3aUMOJAEHCTBHU
nosay4yeHHoro I1IKM co cransbio.

Kawuesvle cnosa: AUOKCUJ KPEMHHUS; CUJIMKAreJib; I10JINMep; apOMaTI/I‘IeCKl/Iﬁ NoJInaMuj; HOJ'IPIMeprlﬁ KOMHOSI/lLlI/IOHHbII‘/‘I

MaTepuas; (1)I/ISI/IKO-MeXaHI/I'{eCKI/Ie CBOMCTBA

Introduction

The modern development of science and
technology is practically impossible without the
use of new constructural materials with a unique
combination of properties used to manufacture
parts of machines and mechanisms operating at
high levels of pressures and temperatures under
the action of aggressive and abrasive media,
alternating loads and others. Synthetic polymers
are some of this kind of materials. Due to the
unique combination of properties (low density,
high level of chemical resistance and
manufacturability in processing into products,
high durability, ability to work in friction units
without lubrication or with extreme lubrication,
etc.), these materials are becoming more widely
used in modern technology [1-5]. As
disadvantages of polymers it should be noted, that
they do not have the physical-mechanical and
thermophysical properties of a sufficiently high
level. For their improvement and directional
regulation polymers are filled with materials of
different nature and morphology [6-10], which
act not only as components that strengthen the

polymer matrix, but can also that significantly
reduces the cost of PC products.

Silica of various modifications is one of those
materials. [11; 12]. The use of such fillers is caused
by their low cost (up to $5 per 1 kg), distribution
in nature (more than 15 % of the earth's crust
consists of this material) and the ability to physical
(due to the developed surface) and chemical (due
to active «silanol» groups on the surface)
interaction with the molecules of the polymer
during its processing into products [13; 14]. There
are known PCs in which the introduction of silica
of various modifications leads to a significant
improvement in their physico-mechanical and
thermophysical properties [15-18]. Therefore,
the use of this filler to create new PCs with a
unique combination of properties is an actual task.

Objects of research

The most common industrial brands of silica as
aerosil, white soot, silica gel were selected for
research. They differ in both morphology and
chemical composition. The characteristics of the
studied silica are shown in table 1.
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Table 1
Characteristics of the studied silica [19-21]
The average Specific Composition
Name Brand . . surface, SiOz (after impurities moisture
particle size, nm 2 -
m2/g piercing no less) (no more) (no more)
Aerosil A-380 5-15 380 + 20 99.9 0.1 1.5
White soot 5C-120 19-27 120 + 20 90.5 3.0 6.5
Silica gel KCKI* 7-10 um - 91.5 3.0 5.5

* silica gel was ground to a size of 7-10 micron

Aromatic polyamide (copolymer of polymeta-
and polyparaphenyleneisophthalamide), of the
brand «phenylone C1», was selected as the matrix

polymer of constructural purposes. Its structural
formula is shown in Fig. 1.

l_NHONHCOUCO—L

_NH—Q—NHCO @co—

m

Fig. 1. The structural formula of phenylone C1

This polymer in its original form is a powder
with a particle size of 20-40 mkm, which is
processed into the product by the method of
compression molding in preheated forms.

The goods from aromatic polyamides have a
high level of physico-mechanical and
thermophysical properties, but its cost is to $100
per 1 kg so they didn't get a wide spread in the
industry.

Research methodsThe study of the morphology
of the silica particles and the surfaces of the
cleavage of the PC was performed on electron
(Superprobe-733 (Jeol)) and optical (MBR-1E)
microscopes. The density of the materials was
determined by hydrostatic weighing according to
[SO 1183-1. The compressive stress at yield (oy)
and the modulus of elasticity (E) were determined
on a universal burst machine «2167 P-50» in
accordance with ISO 604. The hardness (H) of the
materials was determined by the method of
indentation of the ball on the hardness tester
«2013 THICII» in accordance with ISO-2039-1.

Vicat softening temperature Tvc was
determined on the «FWV-633/10» according to
ISO 1183-1. The coefficient of friction (frp), the
temperature at the friction surface (T) and the
intensity of linear wear (I;) in the friction
interaction of the developed PC with steel were
determined by the machine «2070 CMT-1» in the
friction mode without lubrication according to the
disc-pad scheme. The steel sample of steel 45 with

aroughness of Ra=0.32 pm and a hardness of 45-
50 HRC were used.

Experimental part

In modern industry the synthetic silica brands
such as aerosil, white soot and silica gel have
become widespread. They differ from each other
by the method of production, morphology and
chemical composition [15-17]. Aerosil is a
pyrogenic colloidal silica (composed of at least

99.8% Si02), which is obtained by flame
hydrolysis  of  volatile  silicon-containing
substances. White soot is hydrated silica

(consisting of not less than 85-95 % SiO,, other
impurities of oxides and hydroxides of iron,
aluminum, magnesium, etc.), which is obtained
from a precipitate formed by the action of acids on
a solution of sodium silicate, followed by filtration,
washing and drying. Silica gel is a dried silicic acid
gel (comprising at least 85-95% SiO,, other
impurities), which is obtained by reacting a
solution of sodium silicate with the acid, followed
by drying and washing of the product.

Different methods of producing synthetic silica
determine their properties: size, shape of
particles, presence or absence of pores, surface
properties. All these materials have a sufficiently
developed surface of up to 380 g/m2 with a large
number of pores, micro- and sub-micropores
(Fig. 2), which contribute to the physical
adsorption of polymer molecules during PC
processing into products.
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Fig. 2. Micrographs of particle surfaces of silica grades:
a - aerosil; b - white soot; c - silica gel

The size of the elementary particles of silica of agglomeration. The size of the obtained
such brands as aerosil and white soot are from 5 agglomerates can be up to tens of microns (Fig. 3).

to 70 nm, which contributes to their active

#676_102 10 um

Fig. 3. Micrographs of agglomerates of silica brands:
a - aerosil; b - white soot

products it is possible to reduce the size of

When using these materials as fillers of
agglomerates of this silicas to 10-20 microns

polymers it is not possible to grind them to
elementary particles. In the process of obtaining of  (Fig. 4).
the polymer composition and its processing into

WD=14.7Tmm 25.00kV  x1.00

Fig. 4. Micrographs of the surface of the cleavage of the original polymer (a)
and PC with white soot (b)

significant enhancing effect of their use as a filler

However, considering that the silica
of polymer matrices has been obtained [22].

agglomerates of aerosil and white soot are
structures that are easily destroyed by loading, no
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Silica gel in its original form is not often used as
a filler for polymers due to the fact that its
industrial species have a particle size of 0.1 to 10
mm. Therefore, for further studies, silica gel was
ground on a disintegrator (Fig. 5a).

The particles of crushed silica gel in the original
form are agglomerated, but in the joint processing

with the polymer into the product almost all of
these agglomerates are broken (Fig.5b).
Therefore, the use of silica gel as a filler of polymer
matrices is the most appropriate of all considered
synthetic silica. This fact is confirmed by the
previous studies [23].

Fig. 5. Micrographs of crushed silica gel particles (a) and
the surface of the PC chipped with this filler (b)

However, silica gel produced by industry is not
silica with a high level of chemical purity, because
it has up to 10 % impurities (oxides, hydroxides,
salts, etc.), which can affect the level of PC
properties. Therefore, it is interesting to
determine the effect of high purity «silica gel» on
the polymer matrix and to study the level of
physico-mechanical, thermophysical and
tribotechnical properties of PC based on them.

The choice of the products and the mode of
synthesis of silica gel was carried out in
accordance with the previous studies [24] in order
to obtain a filler with the maximum developed
specific surface area and the maximum number of
active «silanol» groups on it.

The main ingredient for producing silica gel
with high chemical purity is soluble sodium
silicate, which according to «['OCT P 50418-92»
has up to 1 % impurities. Distilled water and the
aqueous solution of hydrochloric acid (u.nm.a.,
I'OCT 3118-77) were also used.

The technology of obtaining silica gel with a
high degree of chemical purity was as follows:

- obtaining the hydrogen solution of sodium
silicate;

- acidification with aqueous solution of
hydrochloric acid to transition of the resulting
system to a gel state, by the reaction:

Na;SiO3 + 2HCL - SiO + 2NaCl+H;0;

- drying, grinding and washing of the resulting gel.

The concentrated hydrogen solution of sodium
silicate is obtained by combining it with distilled

water at a temperature of 50-55 °C. The resulting
solution has up to 20 % Na:SiO3 (based on solid
product) in water.

Its acidification occurs with 10 % aqueous
hydrochloric acid solution, which is fed to the
reactor by droplets with constant stirring of the
reaction medium. Upon reaching the pH of the
resulting solution 5.5 the reaction medium goes
into a gel state.

Drying of the gel occurs in a vacuum oven at a
temperature of 40-60°C. It lasts until the complete
transition of the gel to a solid state promotes, and
stops when the weight loss of the obtained
product ends under these conditions. The
obtained solid product is ground on a
disintegrator according to the method used to
obtain a filler from industrial silica gel. The
shredded system is washed in distilled heated
water to 70°C for 10 minutes. This allows the
reaction by-products (NaCl salt and acid residues)
to be washed out of the solids.

The obtained silica of the grade silica gel has a
high degree of chemical purity, its particles have a
small size and a well-developed surface that
allows to use this material as a filler for polymer
matrices.

To determine the basic size of the synthesized
silica gel it was used a differential histogram of
particle size distribution, which was created using
micrographs obtained on an electron scanning
microscope (Fig. 6). Based on the fact that the
particles of silica gel have a spherical shape, their
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main calculated size was taken by the diameter.
From the obtained histograms is was determined
that the largest number of particles (60 %)
accounts for the size range from 5 to 10 microns.

That s, it can be argued that the main particle size
of the obtained “silica gel” lies in this range, which
allows to use this material as a filler for polymer
matrices.
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Particle size , mkm

Fig. 6. Histogram of particle size distribution of the synthesized silica gel

From the obtained histograms 1is was
determined that the largest number of particles
(60 %) accounts for the size range from 5 to 10
microns. That is, it can be argued that the main
particle size of the obtained “silica gel” lies in this
range, which allows to use this material as a filler
for polymer matrices.

For further studies of the effect of silica gel on
the properties of polymer matrices, aromatic

polyamide was selected, which belongs to plastics
of constructural designation and approaches the
level of its properties to low carbon steels [25].
This polymer was filled with industrial and
synthesized silica gel. Comparative analysis of
indicators of physico-mechanical, thermophysical
and tribotechnical properties of the obtained PC is
shown in table 2.

Table 2

Physico-mechanical, thermophysical and tribotechnical properties of PC based on aromatic polyamide and silica gel

The content of silica gel in the PC

Properties industrial synthesized

5 10 20 30 5 10 20 30
Density, kg/m3 1350 1380 1405 1411 1336 1340 1350 1365
Compressive stress at yield ), 245 257 245 242 243 266 264
oy, MPa
Edieam"d“l“s of elasticity E, 3105 3216 3289 3280 3210 3333 3370 3362
Hardness H, Mpa 219 234 192 183 220 240 200 180
\T’i‘;azcs"fte“mg temperature - 572 273 281 285 271 273 283 288
Coefficient of friction frp 0.33 0.29 0.31 0.33 0.31 0.29 0.30 0.31
Temperature at the friction 98 92 97 106 90 81 82 84
surface T, °C
Intensity of linear wear 57 25 37 62 40 19 34 49
[hx10-%, m/m

From the results obtained we can conclude that elasticity, hardness, and Vicat softening

the level of  physico-mechanical and
thermophysical properties of PC with industrial
and synthesized silica gel has no significant
differences. Higher density in PC with industrial
silica gel is caused by the presence of impurities
(oxides, metal hydroxides, etc.) in this filler. The
compressive stress at yield and modulus of

temperature in PC with synthesized filler are 5-
7% better than in the materials with industrial
silica gel. This is due to the better enhancing effect
of the synthesized silica gel on the polymer matrix,
which is associated with both the physical and
chemical interaction of these components of the
PC. It should be noted that the tribotechnical
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properties of PC with synthesized silica gel are
much better than with the industrial ones. This is
due to the fact that this filler has less impurities,
which in this case adversely affect the friction and
wear of the PC during the friction interaction with
steel.

It should be noted, that silica gel is 20 times
cheaper then aromatic polyamide. It contributes
to significant reduction of cost of the obtained PC
compared to the initial polymer.

Conclusions

As a result of the work, it was determined that
silica is one of the most progressive fillers for PC
for constructional purposes, which can not only
improve the level of properties of the polymer
matrices, but also reduces the cost of
manufacturing parts from them.

It was obtained that silica gel has the best
reinforcing effect on the polymer matrix among
the most common silica, produced by the
industry.s It does not create agglomerates that
promote to destraction of PC at high loadings, like
silica of the brands aerosil and white soot. The
technique of synthesis of silica gel with high level
of chemical purity is presented.

A comparative analysis of the physico-
mechanical, thermophysical and tribotechnical
indices of the PC for constructural purposes, based on
aromatic polyamide filled with industrial and
synthesized silica gel was carried out.
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