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Abstract. The aim of the work is to assess the influence of the method for preparing on the porosity of sintered polytet-
rafluoroethylene blanks as well as PTFE mixtures with carbon fiber and additives of powdered graphite. The article provides
a comparative analysis of the method for preparing influence on the microporosity of sintered blanks made of filled and un-
filled polytetrafluoroethylene. Microporosity has been determined through the comparison of the actual and theoretical (for
a non-porous material) density of blanks, calculated by the methods of structural mechanics of composites. The studies made
it possible to establish that the porosity of the unfilled polytetrafluoroethylene blanks pressed at a pressure of 70...80 MPa
stands at 1.3 to 5.9 %. An exception was a specimen obtained by sintering in a jig, which has reached apparent density
2200 kg/m? equal to theoretical density. It has been established, that the porosity of blanks obtained from polytetrafluoroeth-
ylene filled with shredded carbon fiber and powdered graphite stood at 0.4 to 3.9 %. An exception was a specimen with a high
mass content of filler (40 %), in which the porosity was 16 %. It has been ascertained that sintering in a constrained state helps
to reduce the residual microporosity for both the filled and unfilled polytetrafluoroethylene. This shows the technical efficien-
cy of sintering in a constrained state, despite the increased labor intensity of the manufacturing process and the sophistication
of technical equipment.
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I'poouenckuii eocyoapcmeaennulii ynugepcumem umenu Anku Kynanwi, I poono, Pecnybnuxa benapyco

OLHEHKA BJIMSIHUS CIIOCOBA MOATOTOBKHW HA MUKPOIIOPUCTOCTD CIIEYEHHBIX 3AIOTOBOK
U3 KOMIO3UIUI HA OCHOBE OJIUTETPA®TOPITHJIEHA

Annoranus. [IpencraBieHsl pe3yasTaTsl pabOTH, HETbI0 KOTOPOH SIBIISIACH OLCHKA BIUSHHS CIIOCO0A ITOATOTOBKH HA
MIOPUCTOCTH (POPMOBAHHBIX 3aTOTOBOK M3 IIOPOIIKOOOPA3HOT 0 IOIUTETPAPTOPITHUIICHA, & TAKIKE €T0 CMECeH ¢ yTIepOIHBIM BO-
JIOKHOM U J100aBKaM¥ MBUIEBHIHOTO TpaduTa. J{Is1 JOCTHKEHHSI TOCTABICHHON 1IN OBLT BEITIOIHEH CPaBHUTEIBHBIN aHATH3
BIIMSIHUS CII0C00a TTOATOTOBKH Ha MUKPOIIOPHCTOCTH CIEYEHHBIX 3arOTOBOK M3 HAMOJIHEHHOTO M HEHAIIOJHEHHOIO Mpecc-Ma-
TepHaja Ha OCHOBE MOIUTETpadTOPITHICHA. METOMONOTHs ONpeeIeHUs] MUKPOIIOPHCTOCTH 3aKII0YaIach B pacueTe COOT-
HOIIEHUS (PAaKTHUECKON IUIOTHOCTH 3arOTOBOK M TEOPETUUECKOH JUIsi OECTIOpHCTOro MaTepuana, OmpeeleHHOH MeTofaMu
CTPYKTYPHOH MEXaHUKH KOMIIO3UTOB. Pe3y/IbTaThl BBIOIHEHHBIX HCCIEOBAHUI MTOKA3aI1, 9TO 3aTOTOBKY U3 HEHATIOIHEHHO-
ro ¢ropomnacTa, cnpeccoBanuble mpu gaBiaeHnu 70...80 MIla, xak mpaBuio, UMeIOT HOPUCTOCTH OT 1,3 10 5,9 %. Uckmrouenne
COCTaBIsAET 00pa3ell, MOTyIEeHHbIH CIIEKaHUEM B YCIOBUSX BCECTOPOHHETO CXKATHS, y KOTOPOTO OblIa JOCTHUTHYTA HyJeBas
MOPUCTOCTh. [IOPUCTOCTH 3ar0TOBOK, MOJNYYEHHBIX U3 (TOPOIMIIACTA, HATIOIHEHHOTO N3MEJIBYEHHBIM YTIIIEPOJHBIM BOJIOKHOM
1 TIBUICBUIHBIM I'padUTOM, COCTABIIACT B A0COMOTHOM OoubiinHCTBE cityyaes oT 0,4 110 3,9 %. Mckitouenue npeacrasiser 00-
paszeln ¢ cofepxkanueM HanoaHuTens 40 Mac.%, y KOTOpOro NopucTocTh paBHa 16 %. Kak a71s ncxoqHoro, Tak M J71st HAIOJIHEH-
HOT'O MOJHUTETPaPTOPITUIICHA CIIEKaHHE B YCIOBHIX BCECTOPOHHETO CHKATHsI BO BCEX OMBITAX CIOCOOCTBOBAJIO YMEHBIICHHIO
0CTaTOYHOW MUKPOIOPHUCTOCTH. DTO CBUICTEIBCTBYET O TEXHUUECKOU IP(HEKTUBHOCTH TAKOr0 METO/A MOJIyUeHHUs U3ACIINH,
HECMOTDSI Ha TIOBBIIIEHHE TPYIOEMKOCTH IIPOLIECCA U YCIOKHEHHE CPENICTB TEXHUYECKOTO OCHAIICHUSI.
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Introduction. Composite materials based on polytetrafluoroethylene (PTFE) have a complex of unique
properties including abnormally low coefficient of friction when working without lubrication, in vacuum
and at cryogenic temperatures as well as high chemical resistance to the action of reagents and biofluids,
and they are widely used in various industries. Products of PTFE are used in friction units in mechanical
engineering [1-6], including chemical machines and units [7, 8], in compressor technique [9], electrical en-
gineering [10] and medicine [11]. Products from PTFE-based compositions are manufactured by pressing
blanks from a pre-prepared mixture of components (raw pressing composition) followed by sintering [12].

Despite the progress achieved in the field of creating fluorine composites, many phenomena occurring
during pressing and sintering processes are insufficiently studied [13—16]. In particular, the scientific and
technical literature does not say enough about the issues of possible existence of residual microporosity in
the blanks. The existence of such microporosity in fluorine composites was experimentally established in
a number of papers [17-20]. However, the patterns of its formation have not been adequately studied. It is
known that the process of pressing powder materials includes several successive stages [21, 22]: elastic
deformation of filler particles and polymer matrix, emergence of a plastic state area (stage of constrained
elastic-plastic deformation), shift of this area to the surface of particles (free plastic flow with an intensive
change in the porosity and volume of the pressed material, an increase of its density). At the final stage of
the deformation process the deformable material “blocks” the remaining pores and thus hinders the release
of gaseous products contained in them, which is the reason for the preservation of the residual microporosi-
ty of the pressed material after removing the load. Subsequently, while sintering blanks, this microporosity
can not only persist, but even increases, since sealed air remaining in the micropores expands in volume
with a rise of temperature. This final stage of blanks deformation has not been adequately studied.

The aim of the work is to assess the influence of the method for preparing on the porosity of sin-
tered polytetrafluoroethylene blanks as well as PTFE mixtures with carbon fiber and additives of pow-
dered graphite.

Methodology for theoretical and experimental research. Experimental studies were carried out
in two phases. At the first phase, the influence of the methods for preparing blanks of unfilled PTFE on
their density and microporosity was assessed, and at the second phase a similar series of experiments
on composites containing carbon fibers and powdered graphite was carried out. As the object of re-
search composites based on PTFE of brand PN-90 according to State Branch Standard 10 007-80 (densi-
ty pm = 2200 kg/m?®) were used . The following materials were used as fillers: carbon fiber (CF) of brand
LO-1-12N produced by JSC SvetlogorskKhimvolokno (density py= 1500 kg/m?) and powdered graphite
(PG) according to Technical Conditions 48-4802-20-90 (density p, = 2250 kg/m?).

The theoretical density of non-porous composite pyji,m was determined by the methods of structural
mechanics under the condition of conservation the mass of the system. The mass of gaseous products
inside the pores was neglected while evaluation the porosity of the specimens due to its insignificance in
comparison with the mass of the resulting products.

The schemes of the specimen preparation are shown in Table 1.

Table 1. Compound and manufacturing technology of specimens from PTFE-based composites

Compo-
site Compound of the composite Technology particularities
symbol

K1 PTFE - 83 %; CF — 16.5 %; PG — 0.5 % | Tribostatic spray deposition of ultrafine PTFE on carbon fiber tape
followed by exposure at 340 °C for 20 min; normal sintering mode

K2 PTFE — 70 %; CF —29.5 %; PG — 0.5 % | Mechanical activation of the compound by rolling; normal sintering mode
K3 PTFE — 75 %; CF —24.5 %; PG — 0.5 % | Mechanical activation of the compound by rolling; normal sintering mode
K4 PTFE — 70 %; CF —29.5 %; PG — 0.5 % | Mechanical activation of the compound by rolling; sintering in the jig
K5 PTFE — 75 %; CF —24.5 %; PG — 0.5 % | Mechanical activation of the compound by rolling; sintering in the jig

K6 PTFE - 70 %; CF —29.5 %; PG — 0.5 % | Mechanical activation of the compound by rolling; sintering in the jig;
compression of the blank in the pressing mold after sintering

K7 PTFE — 60 %; CF —39.5 %; PG — 0.5 % | Mechanical activation of the compound by rolling; sintering in the jig

K8 PTFE — 75 %; CF —24.5 %; PG — 0.5 % | Mechanical activation of the compound by rolling; sintering in the jig;
compression of the blank in the pressing mold after sintering
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The technological operations shown in Table 1 were carried out in accordance with technical re-
gulation, which embraced at the initial stage the preparation of raw materials. This readying included
shredding a carbon fiber tape to obtain fragments of carbon fibers of the required length, as well as me-
chanical activation of PTFE in a paddle mixer with paddle rotation frequency of not more than 1500 s .
Further, the prepared fillers (CF and PG) were loaded into the paddle mixer, which already contained the
mechanically activated PTFE.

Upon manufacturing of the composite, conventionally marked in Table 1 as “K1”, the carbon tape
fiber was coated with the ultrafine PTFE by spraying it from a tribostatic gun. Afterward the pow-
der-coated carbon fiber tape was kept at 340 °C for 20 min, and then shredded.

In order to reduce the porosity of the composite and increase the efficiency of the sintering process,
the compound was mechanically activated by rolling before pressing blanks (in Table 1 — “mechanical ac-
tivation of the compound by rolling”, specimens K2—K8). The prepared portion of the composite material
was passed between two rotating rolls at roll-speed-ratio of 1:1.25. Thus, the brittle film of the composite
material was obtained, which then was grinded in a four-paddle mixer. The compound was dried in dry-
ing ovens with forced air circulation in trays at a temperature of 150+5 °C for 4 h.

The blanks pressing process was carried out in steel pressing molds with a hydraulic press in all
cases. Weighed dosing was used to obtain the exact height of the blanks. After drying in the oven and
weighing the compound was freely filled in the pressing mold and carefully leveled with a soft-metal
plate in order to achieve uniform density.

Three stops were made from the moment of initial compression of the compound until the moment
when the manometer begins to register the final target pressure. After each stop, a 5 s exposure was
carried out. Upon reaching the final target pressure, the exposure was carried out for 3 min. The gauge
pressure was adjusted to achieve a specific compression pressure of 70—-80 MPa.

The blanks were sintered in electric furnaces with a rotating hearth and forced air circulation in
a free state as shown in [19], or under conditions of all-round compression using jigs [17]. The blanks
were loaded into the furnace at a temperature of 20 to 50 °C. The heat treatment of the blanks was car-
ried out according to the regime providing for heating to 360 °C at a rate of 0.5 deg/min and exposure
upon reaching 150 °C and 312 °C for 3 h. Sintering was performed at a temperature of 360 °C. Further,
the blank was cooled at a rate of 0.5 deg/min to a temperature of < 50 °C with exposures for 3 h at
a temperature of 325 °C and 150 °C.

Specimens K6 and K8 after the heat treatment were exposed under the pressure level of 70—80 MPa in
a pressing mold with specified geometric dimensions in accordance with the approach described in [23].

The apparent density of the composite after sintering the blanks was assessed according to State
Branch Standard 15139-69 by the method of measurement and weighing. Specimens were rods with
geometric dimensions @23 X 70. The mass of the specimens fluctuated from 51 to 55 g, and the volume
was from 27.75 to 29.64 cm’.

The experimental data were processed using standard statistical methods. The arithmetic mean
values of the indicators, the standard deviation were defined. The confidence interval according to
a Student’s T-test was determined at a confidence level of 0.95. The number of tests in experiments was
at least 5 for each kind of material. The experimental data were processed on a computer using the stan-
dard Microsoft Office 11 software.

The theoretical (limit) density of a non-porous composite was calculated by the formula

P
Pt = p’" o 1)
CpptCphtey "
Py Pq

where ¢,,, ¢ ¢, — the mass content of the matrix, carbon fibers and graphite respectively in wt.%; ps, P
Ps Pg — the densities of the ideal non-porous composite, matrix, carbon fibers and graphite respectively.
The porosity of the composite can be described by the formula
V
0 =1 _1_ " P __P_ )
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where 0, — the porosity of composite; V,,, — the volume of the non-porous (monolithic) part of composite;
V' — the volume of the composite; m;, — the mass of the ideal non-porous composite; p — actual density of
the composite.

Formula (2) is the alternative to State Branch Standard P 56679-2015 and makes it possible to cal-
culate the porosity of blanks and products. It can be used under the conditions of the known composite
compound, theoretical and actual density. In doing so, the theoretical density is calculated via formu-
la (1) and actual density should be measured experimentally.

Research results and discussion. The Table 2 shows the effect of various technologies of specimen
preparation on the density and microporosity of unfilled PTFE.

Mechanical activation of powdered PTFE by rolling and sintering in a jig were carried out according
to the technology similar to the mentioned in the Table 1 above.

Table 2. Actual values of density and porosity in unfilled PTFE

Technology particularities A““lfé/ﬁ?my’ Re'ativi/ﬂde“my’ Porosity, %
Mechanical activation of powdered PTFE by rolling + quench hardening 2071 94.1 5.9
Normal sintering mode 2113 96.0 4.0
Quench hardening 2171 98.7 1.3
Mechanical activation of powdered PTFE by rolling + normal sintering mode 2137 97.1 2.9
Sintering in the jig 2200 100.0 0.0
Mechanical activation of powdered PTFE by rolling + sintering in the jig 2160 98.2 1.8

Quench hardening of unfilled PTFE was carried out in water at 20 °C in order to improve the phy-
sical and mechanical properties due to reduce in the degree of material crystallinity. The obtained value
of the actual density was 2171 kg/m® and exceeded the level considered normal for the hardened PTFE
(2150 kg/m?) [24]. The most likely cause for the increased density was that the degree of crystallinity
of the specimen was above 50 % due to the relatively considerable thickness of the specimen (23 mm).
In this case the low thermal conductivity of PTFE has led to the fact that hardening had not occurred in
the entire volume of the specimen.

Analysis of the data in Table 2 shows that the porosity of the blanks from unfilled PTFE fluctuated
from 1.3 to 5.9 %. An exception was a specimen manufactured by sintering in a jig, which has reached
the zero porosity (density 2200 kg/m?). This density value indicates both the monolithic state and a high
degree of crystallinity of the blanks’ material. In combination, it allows expecting a relatively high hard-
ness and resistance to loads of the product , which is in line with the test results.

The Table 3 shows the results of calculating the theoretical (limit) and relative density, as well as
porosity of PTFE filled with carbon fibers and powdered graphite in dependence of technology particu-
larities.

. . Table 3. Theresults of calculating the theoretical
The analysis of the data in Table 3 shows s

(limiting) density, as well as the relative density

that the porosity of the specimens of PTFE filled and porosity of composites
with carbon fiber and powdered graphite varied
in the great majority of cases from 0.4 to 3.9 %. , Density of specimens

. . . Composite theoretical Calculated
An exception was a specimen K7, which had the symbol | for non-porous | actual, ke/m® | relative, % | Porosity, %
16 % porosity rate. However, this should not be material, kg/m?
considered as an experimental error, since simi- Kl 1962.70 1887 96.1 39
lar porosity parameters (0, = 15.4-15.9 %) were K2 1861.93 1814 97.4 2.6
also recorded by other researchers during free K3 1899.44 1858 97.8 22
sintering of composites [22]. Appar'ently, such K4 1861.93 1801 967 33
ahlarge gap in 121716 Vzlu}:: of the f})(;lrozllty 1t()etweeltg K5 1899.44 1892 99.6 04

imen n r n
the specimen K/ and the rest of the blanks coul K6 1861.93 1821 97.8 22
be explained by the existence of a certain limit - Fr— o 00 50
content value of fillers at which PTFE of PN-90 : : :
K8 1899.44 1892 99.6 0.4

brand can perform the function of monolithic
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matrix in a polymer composite material. When the content of the filler exceeds the 30—40 wt.%, it
becomes extremely difficult to avoid the formation of microclusters of the fibrous modifier, which
cannot be destroyed by any of the existing technological methods. Further the microclusters be-
come a zone of accumulation of air microinclusions, which increase in volume with a rise in tem-
perature while sintering, and cause the increased porosity of products. The influence of the mass
content of the filler on the possibility of forming a non-porous blank from a PTFE-based composite
is confirmed by the fact that the calculated porosity of the blanks with 25 wt.% filler turned out to
be significantly lower than the calculated porosity of the blanks with 30 wt.% filler, while manu-
facturing technology was identical (K3 < K2, K5 < K4, K8 < K6). Nevertheless, the relatively high
porosity of specimen K1 (filler content 17 wt.%), as well as unfilled PTFE specimens (see Table 2),
indicates that up to 30 wt.% the technology is crucial for the formation of a non-porous structure of
blanks made of PTFE-based composites.

Applying such techniques as mechanical activation of the compound by rolling, sintering in a jig and
compression of a blank in the pressing mold after sintering makes it possible to reduce the porosity of
the products of filled PTFE even below the products of unfilled PTFE.

The result can be considered to be obtained due to a decrease of size and quantity of pores, which, in
the authors’ opinion, were the result of significant differences in the parameters of electrophysical, ther-
mophysical, mass and dimensional characteristics of the particles in the pressing compound. Sintering in
the jig creates the conditions for the elimination of microcavities due to the peculiarities of the thermo-
physical characteristics of PTFE particles and CF fragments. Thermal expansion of the components in
a jig causes strain stresses, which then presumably lead to the generation of interfacial layer PTFE—CF
with lower defectiveness of structure. The absolute majority of CF fragments become to be connected
by polymer interlayers, which increase the strengthening effect of the filler due to the rise of the propor-
tion of the mechanical component of the adhesive force at the interfacial layer [23].

Application of the developed techniques allows increasing the parameters of stress-strain and
tribotechnical characteristics of PTFE-based composites 1.5-2 times in comparison with current
technical regulation. Testing of seals made of PTFE-based composites in compressor equipment at
chemical enterprises (e.g., JSC “Grodno Azot”) have shown that the application of technique of com-
pression of the blank in the pressing mold after sintering can increase the service life of seals at least
by 2 times. And piston rings made by sintering in the jig worked 3 times more than similar products
obtained by normal sintering mode (e.g., at JSC “SMNPO — Engineering” compressors).

Conclusion. The effect of the method for preparing on the microporosity of sintered blanks of
filled and unfilled polytetrafluoroethylene was evaluated by the methods of structural mechanics of
composites and experimentally. Microporosity was calculated as the ratio of the actual measured
density to the theoretical density of a non-porous material, evaluated by the methods of structural
mechanics of composites. The research findings allowed claiming that the porosity of the pressed at
a pressure of 70—80 MPa unfilled PTFE blanks was from 1.3 to 5.9 %. An exception was a specimen
obtained by sintering in a jig, which has reached zero porosity (density 2200 kg/m?). The porosity
of blanks from PTFE filled with carbon fiber and powdered graphite was from 0.4 to 3.9 %. An ex-
ception was a specimen with a high mass content of carbon fibers (compound: PTFE — 60 %; CF —
39.5 %; PG — 0.5 %), in which the porosity was 16 %. Sintering in a constrained state (in a jig) in all
experiments led to the reduction of the residual microporosity for both the unfilled and filled PTFE.
That proves the technical efficiency of this technique, despite the increased labor intensity of the
process and the sophistication of technical equipment.
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