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B pabome uccneooeanwvt cmecesvie mepmoinacmonnacmeol Ha ocHose pmopxayuyka CK®-
32 u noaueununudengpmopuoa (cooeprcanue nonusununudenpmopuda om 30 oo 70% ommuocu-
menbHO KayuyKa), ROJIyUeHHble C UCHOIb306AHUEM DPOMOPHO20 MUKpPOCMecumens muna
Brabender, komopubie mozym evicmynamo anbmepHaAmMugoi mpaouyuoOHHbIM MAc10-0eH30Cmoii-
KUM pe3unHam Ha 0CHOGe 0ymaouen-HUmpUIbHbIX KAYUYKO8 U MO2ym Oblmb UCHOAb308AHbL O/
HpoU3600cmMeEa pyKasos, Wianz08 u mpyooK 0,11 nepeKkauku azpeccusHbvlX HeuoKocmelil u 2a3oe,
U30TIAYUU NPOBOOOE U Kabeell, eMKocmell 011 XPaHeHusn 20pryezo, Kiananog u op. /na nomay-
YEHHBIX MAMepPUanos Mozym 0blmb UCHONb306AHbI MPAOUUUOHHbBIE MeEmOoObl nepepadomku
naacmmacc. B nonyuennvix komnouyuax c pocmom cooeprcanusn noausuHuIuoenpmopuoa om-
Meuaemcs yeeauueHue 001U Kpucmanauueckou ¢hazvl, umo noomeepircoeno oannvimu HK-
Dypve-cnekmpockonuu u oughghepenyuanvroil ckanupyrouieii kanopumempuu. Illoxazano, umo c
pocmom cooeprcanun IIB/] D 3nauenus meepoocmu u nPOUHOCMU KOMROZUWUIL YUY UBAIONCA,
npu IMOM ROTIYUEHHbIE 3HAYEHUA HANPANCCHUA NPU PA3pblée 0711 KOMROZUUUI, COOEPIHCAUUX
50% u oonee IIB/I® sviute, yem 011 mpaouyuoHHou macno-oen3ocmoiikoit pezunvt UPII 1078.
Iloomeepoicoeno, umo noJiyueHHvle KOMNOZUYUN 00714010 8bICOKOI CIMOIIKOCHIbIO K 0€liCHEUI0
oenzuna AU-92, cepnoii kucnomor konyenmpavueit 80%, nampus 2uopookucu KoHyeHmpayuei
50% u macna H-40, a maxsce coxpanaiom ceou u3uUKo-mexanuiecKkue ceoiicmea oace nocie
mpex yuKi08 noe6mopHol nepepabomku. /Ina Komnozuuuu, 6 KOMOpPoil COOMHOUEHUE MePMO-
naacm : anacmomep cocmaeiano 1:1, ovina nposedena yiKanHu3auusa ¢ UCNONb306AHUEM nepe-
KUCHOU 8YIKAHUZYIOUEll CUCMeMbl 8 PA3TUYHbIX 003upoekax. IIpomekanue ounamuueckoit 8yn-
KaHU3auyuu noomeepiHcoeHo CHUMCEHUeM Cmenenu HadyxXanus noiyueHHbIX KOMno3uuuii ¢ pac-
meopumensax ¢ poCmom co0epicanus gyIKanusyoue2o azenma. /[unamuueckan gyIKaHu3ayus ¢
UCROJIb306AHUEM NEPEKUCHU 8 KaueCn e GYIKAHUYIOUe20 a2eHma He nPUBena K CyujeCmeeHHomy
603pacmanuio Pu3uUKo-mMexaHuiecKux nokasameineil, HO NPU INOM 00ecCnewuna pocm azpeccuso-
CMOIIKOCIMU 0114 NOIYYEHH020 Mamepuad.

KiroueBble ciioBa: Tepmosnactomact, propkayayk CK®-32, nonuBuHumuaeHGTOpUI, AMHAMAYECKAs
BYJIKAHHU3ALIHs, arPECCUBOCTOMKOCTD
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Thermoplastic elastomers (TPE) based on SKF-32 fluorine rubber and polyvinylidene flu-
oride, PVDF (polyvinylidene fluoride content ranges from 30 to 70% relative to rubber) were in-
vestigated. The mixes have been produced by using a Brabender-type rotary micromixer. Such
thermoplastic elastomers can be an alternative to traditional oil & fuel resistant butadiene-nitrile-
based rubbers and can be used in manufacture of sleeves, hoses and tubes for pumping aggressive
liquids and gases, wires/cables insulation, fuel storage tanks, valves, etc. Traditional methods of
plastics processing can be used to manufacture this materials. It was established that the crystal-
linity degree increases with the rise of PVDF content. That fact is confirmed by the IR-Fourier
spectroscopy data and differential scanning calorimetry. It was shown that the hardness and
strength of TPEs increases with the rise of PVDF content. The tensile stress for TPEs containing
50% or more of PVDF are higher than those for conventional oil & fuel resistant rubber IRP 1078.
The obtained TPEs possess high resistance against Al-92 grade gasoline, 80% sulfuric acid, 50%
sodium hydroxide, and 1-40 oil. They also retain their physical and mechanical properties even
after three cycles of reprocessing. The TPE with the 1:1 thermoplastic : elastomer ratio, has been
vulcanized using a peroxide vulcanizing system at varying concentrations. The dynamic vulcaniza-
tion is confirmed by a decrease in the swelling degree of the obtained materials in solvents with an
increase in the content of the vulcanizing agent. Peroxide dynamic vulcanization has not lead to a
significant increase in physical and mechanical parameters, however, it resulted in an increase in
chemical resistance of against aggressive solvents.

Key words: thermoplastic elastomer, SKF-32 fluoroelastomer, polyvinylidene fluoride, dynamic vul-
canization, chemical resistance
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INTRODUCTION hexafluoropropylene and vinylidene fluoride, manu-
factured by The Chemours Company under the trade-
mark of Viton™, and Halopolymer, JSC under the
trademark of SKF-26. The copolymers of vinylidene
fluoride and trifluorochloroethylene are also marketed

Industry for hazardous operating conditions
uses a special type of rubber — fluorine rubber. The
most widely available on the market are copolymers of
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under the trademarks of Kel F (3M Company) and
SKF-32 (Halopolymer, JSC).

Due to the presence of fluorine atoms, the
strength of the fluorine-carbon bond and the absence of
unsaturated bonds in the main chain, the copolymer-
based rubbers demonstrate excellent chemical re-
sistance, high mechanical strength, a wide range of op-
erating temperatures, and, in addition, are incombus-
tible [1-6]. Fluorine rubbers are used to manufacture
sealing rings, cuffs, sealants, coatings, vibration damp-
ers, plugs, diaphragms, heat-resistant sealing rings,
sleeves, hoses and tubes for pumping hot aggressive
liquids and gases, wire/cable insulation, fuel tanks,
valves and other products contacting oils, oxidants
and other aggressive media at temperatures of 200 °C
and above.

At operating temperature interval is —40 -
+150 °C butadiene-nitrile rubber, for example IRP
1078, can be used to insulate wires and cables, seals,
valves and other oil-contacting parts [7, 8].

Manufacturing of rubbers, including the fluo-
rine- and nitrile-butadiene ones, implies the mandatory
vulcanization stage, meaning significant per unit man-
ufacture time, the use of complex equipment and hefty
investments. Moreover, due to the presence of cross-
linked structures formed in the process of vulcaniza-
tion, rubber is either completely unrecyclable, or such
recycling is cost-ineffective and does not produce a
value-added product [9], while the waste accumulation
can be a significant ecological problem.

As an alternative to conventional rubbers, ther-
moplastic elastomers (TPE) are increasingly used.
These materials combine two important qualities: elas-
ticity at operation, which implies their application in
the same areas as conventional elastomers, and the pos-
sibility of recycling as a thermoplastic polymer [10].
The TPE manufacture does not imply a separate vul-
canization stage, which reduces capital and current
production costs.

The TPEs include two groups of materials:
block copolymers, the properties of which are set at
their synthesis and the combinations of hard poly-
mer/elastomer. The combinations of hard polymer/elas-
tomer are gaining in importance, since in this case the
production raw base oriented, while the required prop-
erties can be easily adjusted by changing the compo-
nents ratio. The combination can be simple either non-
cross-linked rubber component (mixed TPE) mixes, or
mixes in which the rubber phase is cross-linked
through the so-called dynamic vulcanization (thermo-
plastic vulcanizate, TPV). Thermoplastic vulcanizates,
of cross-linked rubber as a dispersed component and a
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thermoplastic as a continuous phase [11-13], are ac-
tively used as a replacement for non-recyclable rub-
bers, which contributes to resource saving and environ-
mental protection [14].

Authors have analyzed publications on TPEs
containing fluorine rubber as a rubber component, and
found that such studies are not numerous. The majority
of the studies cover, only rubbers, which are a copoly-
mer of hexafluoropropylene and vinylidene fluoride, as
the elastomeric phase. Various type of plastics have
been mentioned as a thermoplastic component in such
combinations: polyamide-6 [15, 16], polyvinylidene
fluoride [17-19], thermoplastic polyurethane [20, 21],
and a copolymer of ethylene and trifluorochloroeth-
ylene [22].

The publications mention both simple mix-
tures and cross-linked rubber component mixes. Vul-
canizing systems mentioned are amine [16, 17], phe-
nolic [17, 18, 22], peroxide [17, 18, 19, 22] ones.

Only a few studies are devoted to the study of
TPEs, containing a copolymer of trifluoroethylene and
vinylidene fluoride [20, 21] as a rubber component.

The aim of this study is a creating SKF-32 rub-
ber and polyvinylidene fluoride (PVDF) based TPE
and TPV, which can be recycled, have high chemical
resistance, and can retain their operating properties at
temperatures up to +150 °C. Such materials can be an
alternative to conventional oil & fuel resistant butadi-
ene-nitrile rubbers, while demonstrating much better
manufacturability.

METHODOLOGY

Fluoroplast-2M grade A (PVDF) polyvinyli-
dene fluoride and SKF-32 rubber, a copolymer of tri-
fluorochloroethylene and vinylidene fluoridefluorine
were used.

Peroxide — di-(2-tert-butyl peroxyisopropyl)-
benzene (Retic 40 CC) was used as the vulcanizing
agent.

Compositions with a PVDF content of 30 to
70% relative to SKF-32 rubber were prepared using a
0.1 L Brabender-type rotary micromixer (Russia) at a
temperature of 175 °C at 40 rpm. In total the mixing
lasted for 15 min.

The rheological characteristics determine the
possibility of processing. The melt flow index (MFI)
was astimated according GOST 11645-2021 (ASTM D
1238) at a temperature of 230 °C and a load of 21.6 kg
at the IIRT-5M unit (Russia).

Identification of functional groups in the struc-
ture of polymer materials was carried out by the IR
Fourier spectrometer Infralum FT-801 (Russia).
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To assess the temperature and enthalpy of
melting, the crystallinity degree, a Shimadzu DSC-60
(Japan) differential scanning calorimeter was used, as
it was equipped with a purge air supply (150 ml/min).
Samples of 15+1 mg were placed in sealed aluminum
crucibles. Thermal characteristics of polymeric mate-
rials might vary depending on their thermal history
(molding, curing, heating conditions); therefore, meas-
urements were taken twice. The samples were heated
at a rate of 10 °C/min from 40 to 200 °C. The results
obtained during the second measurement were used to
estimate the melting point (Tm), the enthalpy of melt-
ing (Hm) and the crystallinity degree. The crystallinity
degree (x) was calculated by the following equation (1):

Bm . 100%, 1)

Xc = H,
where Hm is the melting enthalpy calculated from the
melting peak of the DSC curve, J/g; H+m is the melting
enthalpy of totally crystallized PVDF (104.7 J/g), J/g
[23, 24].

The tensile strenght and elongation at break of
the materials were astimated according ASTM D638 at
the Shimadzu AGX (Japan) machine at room tempera-
ture on samples Type 4 at 500 mm/min of grip travel
speed.

The hardness of the materials was astimated
according ASTM D2240 by using two types of durom-
eters (A, D) at room temperature.

To investigate chemical resistance acetone of
the "pure for analysis" grade per GOST 2603-79, so-
dium hydroxide of the "pure for analysis" grade per
GOST 4328-77, sulfuric acid of the "chemically pure"
grade per GOST 4204-77, glacial acetic acid of the
"chemically pure" grade per GOST 61-75 rev. 1.3 man-
ufactured by CHIMREAKTIV, JSC ( Nizhny Novgo-
rod, Russia), EKTO-92 (Al-92-K5) motor gasoline per
GOST 32513-2013 (Togliattinefteprodukt Service,
LLC petrol depot), and 1-40 industrial oil per GOST
20799-88 ( LLK-INTERNATION, LLC lubricants
manufacturing company) were used.

Chemical resistance was assessed by the
weight change in samples the size of 10x10x2 mm af-
ter effect of solvents (acetone, Al-92 gasoline, 80%
sulfuric acid, 50% sodium hydroxide, glacial acetic
acid, 1-40 oil) for 24 h at room temperature.

RESULTS AND DISCUSSION

The solubility parameters for PVDF and SKF-
32 rubber were estimated by the grouping method [25],
and were as 13.7 J/m® and 14.5 J/md, respectively.
Comparing the solubility parameters of PVDF and
SKF-32, authors expect their high compatibility in
the mixture.
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The rheological and temperature characteristics
of obtained TPEs are presented in Table 1. IR spectra of
the obtained comcompositions are shown in Fig. 1.

Table 1
Rheological and temperature characteristics of the com-
positions under study
Taonuya 1. Peosioruyeckue U TeMIepaTypHble XapakTe-
PUCTHKH MCCJIelyeMbIX KOMIIO3MIMIA

Index Value
SKF-32/
PVDE ratio 70/30 | 60/40| 50/50 40/60 | 30/70
MFI,
9/10 min 1.4 3.2 5.3 9.1 15
Tm, °C 158.16 [158.46| 158.92 | 158.3 |159.43
Hm, J/g -8.47 |-10.95| -11.13 | -19.07 |-24.17
Xc, % 8.1 10.5 10.6 18.2 23.1

As it is shown in Table 1, the rise of PVDF
content, caused the increase in the MFI. So the tradit-
ntional plastics processing methods such as injection
molding and extrusion can be used (usually polymer
materials with lower MFI values are better suited for
extrusion rather than for injection molding) [26].

Analysis of the TPE' IR-spectra demonstrated
that in all cases the increase in the PVDF content in the
compositionn caused an increase in the peak intensity
at 840 cm™ wavelength, which indicated the presence
of the crystalline phase [27-29]. The obtained data cor-
related with the DSC results: the crystallinity degree
of materials also increased with the rise of the PVDF
content.

.“3\ 100

y\

950 900 850 800

v, cm?

Fig. 1. Fragments of IR spectra for TPE with different SKF-
32/PVDF ratio: 1 — 60/40; 2 — 50/50; 3 — 40/60; 4 — 30/70
Puc. 1. ®parmentst MK crieKTpoB KOMITO3UIHI € pa3TUYHBIM CO-
otnoureHnem CK®-32/TIB®: 1 — 60/40; 2 — 50/50; 3 — 40/60;
4-30/70

750

Physical and mechanical properties of the ob-
tained compounds are presented in Table 2.

As it can be seeb the tensile strength f, in-
creases with the rise of PVDF content. The tensile
strength f, of prepared TPEs lower than those described
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in publications for PVDF/FKM composition [17].
Probably the reason is the initially lower strength prop-
erties of the SKF-32 rubber [1]. At the same time, the
tensile strength f, for compositions containing 50% or
more PVDF are higher than those for IRP 1078 rubber
(11.8 MPa according to [7]). The hardness of the TPEs
increases with the rise of PVDF content, and varies in
the range from 34 Shore D to 97 Shore A, which makes
it possible to choose in manufacturing either a more
elastic material or a more rigid one.

Table 2
Physical and mechanical properties of studied mixed
TPEs
Taﬁﬂuua 1. ®u3nKo-MexaHHYEeCKHe MMoKa3aTeJ I Hece-
ayembix cMeceBbix TOII

Index Value
SKF-32/
PVDE ratio 70/30(60/40|50/50{40/60| 30/70
fz, MPa 58 | 82 |11.3|14.2| 17.1
) 167 | 145 | 128 | 126 | 95
Hardness Shore A 71 | 89 | 92 | 95 97
Hardness Shore D 34 | 40 | 50 | 54 60

To confirm the possibility of recycling, the
TPEs were ground, homogenized in a Brabender-type
micromixer for 7 min at a temperature of 180 °C at
40 rpm. This process was repeated three times. Physi-
cal and mechanical parameters for TPEs after each re-
processing cycle are shown in Fig. 2.

It was found out that after three cycles of re-
processing there was no deterioration of elastic-
strength characteristics. The stress values at 100%
elongation f100 after three cycles of re-processing
practically did not change dramatically, which confirm
the absence of any processes of either curing or de-
struction.

The increase of tensile strength and stress val-
ues at 100% elongation in some cases can be explained
by an improvement of ingredients dispergation in each
subsequent re-processing cycle (in all cases the values
are in the range £10%).

Under operational conditions, the materials are
exposed not only to various mechanical influences, but
also to some external factors, including aggressive en-
vironment. So the chemical resistance (swelling de-
gree, Q) of obtained TPEs were investigated.

After the exposition in Al-92 gasoline, 80%
sulfuric acid, 50% sodium hydroxide, and 1-40 oil for
24 h there wasn’t observed any changing in mass. The
change in the mass of all studied specimens did not ex-
ceed 1% even after three months exposure.

Since the effect of the selected solvents was in-
significant and did not make it possible to assess the
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chemical resistance of the materials, the experiment
with the solvents to which vulcanizates based on SKF-
32 rubber are inherently unstable (acetone and glacial
acetic acid) were organized. Exposure to acetone and
glacial acetic acid caused a significant change in mass

(Fig. 3).

25

70/30  60/40  50/50  40/60

SKF-32/PVDF ratio

30/70

70/30

60/40 50/50  40/60
SKF-32/PVDF ratio

Fig. 2. Properties change after three cycles of re-processing of
TPEs: 1 — the first; 2 — the second; 3 — the third cycles of re-pro-
cessing a) tensile strength, b) stress values at 100% elongation
Puc. 2. 3MeHeHHe CBOWCTB mociie Tpex LUKIOB MepepadoTKu
kommosunuit CK®-32/TIBJI®: 1 — neprsiit; 2 — BTOpOIi; 3 — Tpe-
THI TUKIIBI IepepaboTKH

30/70

140

120 /

100

2
80
60 /
40 I
20 I
0 l I

70/30 60/40 50/50 40/60 30/70
SKF-32/PVDF ratio

1

Q %

Fig. 3. Swelling degree of TPEs in acetone (1) and glacial acetic
acid (2)
Puc. 3. Crenens HabyxaHus KoMno3uuui B arnerone (1) u nens-
HOM ykcycHOM kucnote (2)
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As Fig. 3 demonstrates, the resistance of the
TPEs to acetone and glacial acetic acid decreases with
an increase of SKF-32 content because of low re-
sistance of the rubber itself.

It is reported [30, 31] that dynamic vulcaniza-
tion leads to improvement in the physical and mechan-
ical properties as well as the chemical resistance of
thermoplastic elastomers.

In this regard, it was decided to vulcanize the
composition with the thermoplastic : elastomer ratio of
1:1 using a peroxide vulcanizing system (Retic 40 CC).
This vulcanizing system was chose because it is safe
for storage and handling and easily introduce into the
rubber stock [2]. This ratio is selected on the basis of
two considerations. Firstly, to obtain a highly elastic
TPV, the elastomer/thermoplastic ratio is usually sup-
posed to be greater than or equal to 1 [31]. Secondly,
for TPE with such ratio tensile streangh comparable to
those of IRP-1078 vulcanizate [7], while the elonga-
tion at break exceeds 100%, which makes it possible to
class the material as an elastic one.

The TPV was carried out in two stages. At the
first stage, a mix of rubber and a vulcanizing agent was
rolled at 0.5 and 1 ppm of rubber. The mix of rubber
and a vulcanizing agent have been prepared in LB800
160/160 rollers, at 45-55 °C. At the second stage the
mixing of thermoplastic and rubber containing the vul-
canizing agent was carried out in a Brabender-type mi-
cromixer at 180 °C and 40 rpm; the duration of mixing
after the introduction of all the components was three
min. To get 2 mm-thick plates, the composition were
then placed under a press at a temperature of 180 °C
for two minutes. The confirmation of complete of the
dynamic vulcanization was the decreacing of swelling
degree in solvents with the rise of vulcanization agent
content, as described in detail below.

Physical and mechanical parameters and re-
sistance to acetone and glacial acetic acid were deter-
mined for the obtained TPVs. The results are presented
in Table 3 (for convenience, the table presents numerical
values for TPE with a similar SKF-32/PVDF ratio).

As it is evident from the data in the presented
table, the dynamic vulcanization affected the strength
properties and chemical resistance. The resistance of
the 1 ppm vulcanizing group containing TPV against
acetone increased by more than 25% , against glacial
acetic acid — by 40%. The cTPVs strength characteris-
tics changed slightly, seemingly due to the low rubber
crosslinking efficiency by peroxide in the absence of
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free radical acceptors, e.g. triallyl isocyanurate
(TAIC) [2].

Table 3
Characteristics of dynamically vulcanized TPVs with
different contents of vulcanizing agent
Tabnuya 3. XapakTepuCTHKA JTUHAMUYECKH BYJIKAHU-
30BaHHbIX TIII ¢ pa3HbIM coepkaHNeM BYJKAHU3YI0-
IIero areHTa

Vulcanizing group content,
Index ppm
0 0.5 1
fz, MPa 11.3 11.7 13.6
e, % 128 103 134
Swelling degree in acetone, % | 94 87 68
Swelling dggree_ in glacial ace- 30 19 18
tic acid, %
CONCLUSION

The given research has established that, based
on SKF-32 rubber and PVDF, thermoplastic elasto-
mers resistant to acids and bases, oils and gasoline can
be obtained. Such materials can be recycled by the
traditntional plastics processing methods such as injec-
tion molding, extrusion, etc. The possibility of recy-
cling of the produced materials has been confirmed.
The operational and manufacturing properties can be
adjusted within a wide range by varying the ratio of the
components used.

An example of a compound containing ther-
moplastic (PVDF) and elastomer (SKF-32) in 1:1 ra-
tio has demonstrated the possibility of dynamic per-
oxide vulcanization. Peroxide dynamic vulcanization
has not lead to a significant increase in physical and
mechanical parameters, however, at the same time, it
promotes an increase in chemical resistance of the
produced material.

Further research is aimed at the peroxide dy-
namic vulcanization facilitated by free radical accep-
tors, copper-added vulcanization, and determination of
the operational temperature intervals of the obtained
materials.

Possible application areas of the developed
materials may be seals, aggressive-media pipes-lines,
and storage tanks and containers lining.
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