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THE MECHANISM OF WEAR PROCESS
OF THE POLYMERS USED IN SHIPBUILDING STRENGTHENED
BY UNIDIRECTIONAL CARBONACEQOUS FIBRES

MEXAHMW3M U3HAIIIUBAHUA UCITOJIb3Y EMbBIX
B CYJOCTPOEHHUH NNIOJIUMEPOB, YKPEIIJIEHHBIX
OJHOHAIIPABJIEHHBIMMU YIVIEPOANCTBIMHA BOJIOKHAMUA

The paper presents an analysis of the research results used in shipbuilding in various environments bearings
made of reinforced carbon composites. The data of microscopic carbon fiber research and tribological tests bear-
ings conducted under different loading conditions are presented. The impact of the matrix and the fibers on the
wear mechanism of composites reinforced with unidirectional carbon fibers oriented is discussed.

IIpeocmasnen anaiuz pe3yiomamos UCCIeO08aAHUL, UCNOIL3YEMbIX 6 CYOOCMPOCHUU 6 PA3TUUHBIX
cpeaax NOOWUNHUKOS CKOJIbHCEHUSL U3 APMUPOBAHHBIX Y2IeNn1adCcimuKos. Hpueedenbz oannvle MUKPOCKONUYEeCKUxX
ucce0o8anull yeneniacmurkoe, d makxoice mpu60ﬂ02uttec:1<ux ucnolmanul nodmunHuKoe, npoeedeHHblx npu
PA3NTUUHBLX YCIIOBUAX HACPYHCEHUSL. O6cy9fC0aJlOCb GAUAHUE mampuybl U 60JIOKOH HA MEXAHU3IM USHAWUBAHUA
KOMNno3umoe, apmMupoeannvlx OOHOHaI’lpaGﬂeHHblMu opUeHmupoeaHHbIMU yZJZepO@HblMM 60JIOKHAMU.
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1. Introduction.
Nowadays polymers have been recognized in every area of life [1, c. 240-244; 2, c. 805-816; 3-5].
Also the increasing application in technical solutions such as sliding bearings [6, p. 45-53; 7, c. 245-251;

8, c¢.55-56; 9, c. 335-339] was noticed, though friction and wear
of polymers is a very complex process, still not to be fully ex-
plored. The more, process of friction and wear of carbon (glass,
aramide) fiber reinforced polymer is more complicated. In this
case we have with at least two materials, which properties and
their participation in the friction work, influence on the final
wear of the composite.

Many experimental works on behavior of friction couples
such as polymer composite-metal operating at different condi-
tions have been published in recent years [10; 11]. Nowadays the
mechanism that would describe the process of friction and wear

of polymers and their composites was not clearly mentioned,
though of course in the literature can be found fairly broad de-
scription of subject [8; 9; 12-14]. Fig 1. Tribotester T-11
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Therefore, it is necessary to carry out further researches for pairs such metal-polymer composite,
in order to analyze individual influence of composite components on these processes and total material
wear.

In paper the results of experimental studies of frictional pairs, constructed as follows: the sample is
made up from polymer composites reinforced with carbon fibers set perpendicular to the friction surface
(and friction direction), and a counter bearing steel 100Cr6, were presented.

The researches were conducted in three environments: air, water and oil SAE 15W/40, under
variable load and constant sliding velocity. The paper presents the results of experimental researches
separately for components of both composites, to determine their effect on the overall intensity of wear of
each mentioned CFRP. An analysis of the composites’ wear process and behavior of carbon fibers and the
matrix in the friction process was also discussed.

2. Methodology.

The experimental researches were carried out for tribological friction couples composed of the fol-
lowing materials:

— PEEK CF30 — (polyetheretherketone) composites reinforced with 30 % carbon fiber, from
which samples were made;

— PA66 CF30 — polyamide-based composite 6.6, a reinforced carbon fiber 30 %, from which
samples were made;

— 100Cr6 — bearing steel, from which counter sample was prepared.

Both reinforced composites were strengthened with the same carbon fiber, with a diameter equal
7.2 [um].

The researches were done using tribo-tester T-11 (fig. 1), where pin-on-disk scheme during sliding
friction was implemented.

Experimental studies were carried out under the following conditions:

— the range of the contact pressure is 2.8+13.5 [MPa];

— test runs were carried out in three environments: air, water, oil SAE 15W/40;

— constant sliding velocity 1 [m/s];

— time of test — 2 [h].

The parameters measured directly during experimental tests were: temperature measured close
frictional contact area, linear wear of samples (the linear dimension of the pin), friction force. Polymer
samples were subjected to reaching pre-test before general test under a load of 0.2 [MPa] at the time
600 [s].

In order to receive a qualitative analysis of the surface, microscopy researches were performed
using a scanning electron microscope Hitachi S-3000 N. The surface layer composites researches was
done, using an atomic force microscope, the application of microscope is increasingly being used to evalu-
ate the structure of materials and their wear mechanism [15; 16, s. 92-101]. The quality of the used materi-
als has been verified on the basis of the documents received and owner checkups.

3. Results and analysis.

a) Tribological researches

As a result of experimental researches, following parameters were receive: friction force, wear and
temperature measured near contact area in function of the contact pressure.

Additionally, sample’ mass wear was measured to verify the linear wear.

The average values of wear intensity as a function of unit pressure, were presented as graphs above
(fig. 2, a, b). The values of friction coefficient and temperature due to the limited space of paper was not
presented here, but it’s available in [17].

On the base of tribological researches, it could be claim that the process of friction of considered
couples is not stable during entire load range. Indicates on it, the values of all parameters obtained during
the study. And particular example of this variation is mass intensity of samples in all environments.
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Fig. 2. Wear intensity scatter of PEEK CA30-100Cr (a) and PA66 CF30-100Cr6 (b)

in three environments: as a function of unit contact pressure

— The values of friction coefficient of couples both composites working in the water and oil are
very similar throughout the load range. Scattering of friction coefficient’ values of couples worked in the
air is significantly different. Those values are much higher, which is caused by lack of lubricant between
working surfaces. Lack of lubricant allows to create better conditions that are needed for creation of an
adhesion between the sample and the layer of polymer applied on the surface of the metal sample (visible

track on counter sample) [16].

— Temperature values for friction pairs working in air environment definitely exceed the values
of temperature pairs working in water and oil, especially in the final load range. Naturally, it is caused by

much less leading off heat from contact area.

— Range of wear intensity of polymer composite samples is fundamentally
different in the final load range above the unit pressure 8 [MPa]. In this case,
author’s observed rapid increase of PA66-CF30 samples wear, which were
working in the air. It can be concluded that under those conditions, matrix PAG6
is definitely weaker as a material than the matrix PEEK and is rapidly destroyed
(deformed) because of high temperature.

b) Microscoping researches

In order to verify the character of polymer composites’ wear, both: micro-
scopic researches of polymer samples and determination of their chemical compo-
sition, were executed. The initial microscopic researches indicate that the sample
made on base of polymer have the following structure: the carbon fibers are alig-
ned perpendicular to the friction surface, along the axis of samples (cylinders) and
are surrounded by a polymer matrix (fig. 3).

Examples of the microscopic researches’ results were presented in [17].

Analyzing the obtained microscoping photos and chemical compositions of the
samples working in three environments, the following conclusions could be presented.
The dominant mechanical wear (abrasive wear) can be observed during friction in dry
environment (in the air). The oxygen content in the surface layer of both composites is
significantly lower comparing to the samples worked in water and oil.

A large number of different chemical elements occurred in the surface
layer of composite samples working in oil and water, is a result of these samples

Fig. 3. Schematic
structure of
composite reinforced
with carbon fibers,
the fibers are set
perpendicular to
friction area and
sliding direction:

1 — polymer matrix,
2 — carbon fibers
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work in this special environments. The nature of friction process of samples, working especially in oil
is particularly different. The secondary layers are clearly visible in structure of sample layers (elements
oxides). Due to dominant mechanism of abrasive wear and small or lack of secondary layers observed in
the surface layer of both composites (lack of additional components in the surface layer of the composite),
in further part of paper, the authors focuses on samples’ analysis, worked in air.

c) Tribological researches of composite’ components

Therefore, the experimental researches were carried out of both composites’ components and pa-
rameters of these work and corresponding parameters of composite, were compared below.

The results were presented in fig. 4.
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Fig. 4. Scatter of friction coefficient, temperature,
and mass wear intensity as a function of unit pressure of PEEK CF30 (a)
and PA66 CF30 (b) and their components, working in the air
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Based on above researches the following conclusions were expressed:

— friction coefficient values of composite samples and samples made from components are similar
in almost the entire range of loads. This statement concerns both tested composites;

— a similar relationship was observed in case of temperature measured near frictional contact
throughout entire range of load;

— special attention should by paid for wear intensity of both composites and their components.
The lowest wear intensity’ values were obtained for the samples made from composite material for
both PEEK CF30 and PA66 CF30. Scatter of wear intensity of samples made from the carbon fibers
and composites are similar. Wear intensity of samples made from pure matrix is several times higher
(which is confirmed in both composites). In order to verify the above comparative analysis, mass wear
intensity was also checked, to confirm the above statement and the composite nature of the wear of its
individual components.

Summing the tribological results indicate that the wear intensity of the composite depends
significantly of the participation of both components during friction, their properties and their percentage
in the surface layer of the working sample.

In the following part of paper, authors determine the effect of individual components of composite
(percentage contribution influence of two components and matrix material influence) on the wear intensity
of the composite.

d) Topography of the surface layer composites study

Below relationship of composite wear intensity from the percentage contribution of carbon fibers in
the surface layer was presented. The percentage of the fibers was determined by counting of their surface
area relative to the total surface of the sample.

The scan of PEEK CFx surfaces layer after friction in air environment, was done. Counting were
made of the areas of carbon fibers and the matrix (fig. 5), taking into account whole sample surface, and
then a following comparison was made: wear intensity of composite samples with obtained percentage
contribution of carbon fibers in the whole surface.

Fig. 5. Counting of carbon fibers in the surface layer
of the composite (counting method)

Mass wear intensity of the composite samples of PEEK CF30 in relationship with percentage
contribution of carbon fibers in the surface layer of the sample is shown in fig. 6.

Above relationship indicates that one of the key parameters affecting on friction process and total
wear of composite is the percentage contribution of carbon fibers, which are involved in the work of both
co-operating parts. The increase of carbon fibers contribution in the friction surface of the sample, follows
by decrease of wear intensity of the composite sample.

— The second considered factor influence on wear intensity of composite was type of matrix and
the effect of load on the surface topography of the composites samples. In order to analyze the topography
scans of surface layers of both the polyether and polyamide were done.
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Relationship between wear intensity and
percentage contribution of carbon fibre in
friction surface
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Fig. 6. Composite wear relationship with percentage contribution
of carbon fibers in the surface layer of the composite

— Topography of the surface layer of both composites allowed for measurement of height of fibers
compared to the surrounding matrix and the inclination of the face of the fibers during the friction to metal
element (fig. 8). Through obtained researches, the relationship between fibers’ height and angle depending
on the combination of matrix (fig. 7) was established.

Relationship between angle slope of carbon fibre surface
and height of fibre composities PEEK and PA66 under
preassure 2,8[MPa]

angle of slope [°]
w

14 e e — i. :
0 0,2 0,4 0,6 08 1
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® PAG6CF30-20N @ PEEKCF30-20N =——PEG6CF30 =———PEEKCF30

Fig. 7. Relationship between angle and height of fibers and the matrix used,
under unit pressure equal 2.8 [MPa]

The relationship obtained from fig. 7 was determined by measuring the height and angle of the carbon
fibers (fig. 8) in the surface layer of both composite samples which have worked in an air environment
at the same unit pressure equal 2.8 [MPa]. The relationship indicates the significant role of used matrix
used, its “behaviour” in the friction process with metal element, and thus influence on wear mechanism of
composite. The spread of fiber samples PEEK CF30’ height is much narrow (0.064+0.359 microns) than in
case of composite PA66 CF30 (0.2846+0.932 microns).
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Fig. 8. a— Measurement of slope angle a of carbon fiber to matrix surface;
b — the topography of the surface layer made with the atomic force microscope;
¢ — profile of a carbon fiber after friction

On the base of graphs, it should be noticed, that along with increase of carbon fibers’ height, the
slope angle also increase. Much wider spread of inclination angle was observed also for composite samples
based on polyamide. The differences in both: height and angle of the carbon fibers, occurring between
samples PEEK CF30 and CF30 PA66, which worked under the same load, may occur due to matrix
material. Based on the documentation of both polymers, it can be concluded that the PEEK (i. e. Young’s
modulus 4400 MPa, 230 MPa Hardness HB) has a much higher strength properties than PA66 (1100 MPa
Young’s modulus, hardness HB 140 MPa), which explains the higher destruction resistance of composite
for considered unit pressure.

4. Summary.

The results of executed researches allow authors for following conclusions:

— Comparative analysis of the structures of the surface layers formed after friction in the air, allow
to conclude that there is a significant difference in the character of work and the mechanisms of friction
couples compared to samples working in the oil. Visible carbon fibers and insignificant mark (or lack)
of secondary structures, indicate on dominant form of abrasive wear of the samples worked in air. The
low content of oxygen and other elements which may form compounds in the surface layer, also give an
evidence according to above statement;

— according to samples PEEK CA30 and PA66 CF30 working in the oil, the situation is essentially
different. Considerably, developed secondary structure were noticed, which indicates on typical abrasive-
chemical wear nature;

— tribological tests and presented analysis of individual components’ work indicate for significant
influence of mechanical properties of both components, as well as their percentage of the friction surface
of the composite on composite’ friction and wear mechanism;
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— topography researches of surface layer after the friction in air environment, indicates the
variability of the surface layer structure shape and thus wear mechanism variation, i. e. carbon fiber
different work during friction depending on the distribution of unit pressures occurring on matrix and
fibers and properties of both components.
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JIMHAMMWKA MONEPEYHBIX KOJTEBAHUI
BEPTUKAJIBHOM 3AIIIEMJIEHHOM FAJIKH

DYNAMICS OF TRANSVERSE OSCILLATIONS OF A RIGID VERTICAL BEAM

Cmamus noceaujena 80npocy yCcmouyu8ocmu KOHCMPYKYUtl U3 MOHKUX 8epmuKaivHulx cmet. Paccmampu-
8aemcs Mmamemamuieckds Mooeib NONePeyHbIX KoaeOaHull 8epmMuUKaiIbHOl YNpy2ol 6aIKU ¢ 3aueMIeHHbIM HUMC-
HUM KOHYOM NnoO Oeticmeuem eHewtHell cunvl. Onucanvl aieopummbsl peuteHus ou@pepenyuanrbHoco ypasHeHus
nonepeunvlx Koiebanull ynpyeot 6aiku ¢ npumeHenuem «oanoynvix» gyukyui A. H. Kpviiosa u memooa b. I'. I a-
nepkuna 8 eapuaume B. 3. Biacosa — JI. B. Kanmoposuua Ilpugedensi pe3yiomamul bl4UCIUMENLHO20 IKCHEPU-
Mmenma, geinonnenno2o é npoepamme Mathcad.

The article is devoted to the stability of rising walls structures. A mathematical model of the vertical trans-
verse vibrations of an elastic beam clamped at the lower end by an external force is considered. The algorithms for
solving differential equations of transverse vibrations of an elastic beam with the use of “beam” functions of A. N.
Krylov, and B. G. Galerkin in the version of V. Z. Vlasov — L. V. Kantorovich are described. The results of numeri-
cal experiments performed in the program Mathcad are given.

Knroueswie cnosa. zudpomexuuqecme cmpoumeilbCmeo, ycmoﬁqusocmb COOpnyCBHulZ, nonepeudnvie Koneba-

HUs ynpyeoul 6aKu.
Key words: hydraulic engineering, sustainability of structures, transversal vibrations of an elastic beam.

Brenenue

B nopToBOM CcTpoUTENBCTBE AJIS CO3JaHUS MPUYAJIBHBIX U BOJHO3AIIUTHBIX COOPYKEHHH TpuMe-
HSIIOTCSI KOHCTPYKLHUH C 2JIEMEHTAMM TOHKHUX BEPTHKAJBHBIX CTEHOK. Ha OTKpBITON akBaTOpUU 4acTO
HNPUMEHSIOTCSL OOJIBBEPKH (TOHKHE TOATOPHBIE CTEHKH), BBIOJIHEHHBIC M3 IIMYHTOBBIX CBail MM CBail
crenuaiIbHbIX npoduiel. Mcnonb30BaHue TaKUX COOPYIKEHHH CBS3aHO C MPOOJIEMON BOSHUKHOBEHHS
AaBApUIHBIX CUTYAIMi MPU MPOU3BOJICTBE PAOOT B YCIOBUIX OTKPHITONH MOPCKON aKBaTOPHUH, @ HMEHHO:

— TPEIIHHBI, 3aJIOMBI 3JIEMEHTOB CTEH, PACX0XKIECHHE 3aMKOB,;

— OTKJIOHEHHE CTEHKU OT IIPOEKTHOIO ITOJIOKECHUS,

— 0o0pymIeHNe CBAWHBIX PSJIOB.

W3 MHOXECTBa IPOLIECCOB, MPOUCXOASIINX C TOHKOM BEpTUKAJIBHON CTEHKOH, 3ariyOJeHHON B
TPYHT Ha MOPCKO#l aKBaTOPHH, MIPEICTABISIOT HHTEepec [1]:

— KoJIeOaHUsI CTEPIKHS 1107 BO3ACUCTBUEM BOJTHOBON HATPY3KH;
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