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Abstract. It was investigated the experimental response of a set of stationary plane surfaces of polyetheretherketone and
polythetrafluorethylene (PEEK and PTFE) polymers submitted to the dliding contact of an AIS 4140 steel rotating cylinder.
The heating, mass transfer due to contact, self lubrication evidences and wear rate determinations during and after the
experiments (seven repetitions) are presented and discussed. The tests were performed under ambient conditions using a
specially designed tribometer, under normal loading, sliding velocity and sliding distance conveniently specified to satisfy demands
of the petroleum engineering. The tribological behaviour of the two studied polymers was discussed in terms of wear rate,
wear mechanisms and especially transfer film that included some tribochemical responses.
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1. INTRODUCTION

Nowadays, polymers have been used in several agird| applications such as seals, plastic geatificial joints,
guide rails, sliding bearings. This is because pelly materials have advantages in their light weigatmping, self-
lubrication and noise reduction properties.

Polymer surfaces, when used as bearing materialsvarn by a harder counterface. The applicatiothefhard
metallic counterface rubbing against the polymefege is dictated by mechanical design requiremantsalso by the
fact that polymers are more effective against aattietcounterface than when sliding against thereselStakowiak
and Batchelor). Has been a major concern of pefmolengineers minimize environment impacts causeldage of
petroleum during the processes of production affithing of petroleum. Several systems of these [Bsee use
tribological pairs constituted of polymer-metal.this scenario the components are involved witttién, lubrication,
wear. In such situation the ultimate performancenaferials depends not only on their bulk propsytiit also on their
surface microstructure and interfacial behavior.

Thus, currently the focus of research has movethéodesign of materials with ‘smart’ or ‘intelligérsurface
behavior.In concept, the intelligent polymers are also knoag“stimuli responsive or “environmentally sensitive
polymers, which will undergo relatively large arforapt, physical or chemical changes as responsesatl external
stimuli in the environmental conditions. Among #revironmentally stimuli can detach temperature, aetssm stress,
strain, specific ions, chemical agents etc €ial. 2009).Luzinov et al (2004) present a review about research on
adaptive and environmentally sensitive polymer ae$ designed to respond to external stimuli irarolled and
predictable manner where they detached procesdifigation in surface behavior of polymer by cheaiphysical
treatment. Flame and plasma treatments are genamglicable methods that serve to introduce oxygérogen, and
other functionalities. Oxidation of low-density gethylene (PE) film with chromic acid resulted lretmaterial (PE-
COOH) bearing hydrophilic carboxylic acid and ketagroups in a thin oxidative functionalized surfélcaezinov et al
(2004)).

The presence of ketone groups is evidenced irPtiigether ether keton@EEK), aromatic polymer that present
symmetry of the benzene rings along the polymekibae giving mechanical strength and young modlexibility
and crystallizing ability of the chain is providby ether par ligatio—O—) (Figure 1).
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Polyether ether ketone (PEEK)

Figure 1. Chemical formula of polyether ether ket¢REEK)

Friedrich et al. (1999) deals chemical interactions between evapdrahromium on surface oxygen-plasma-
modified of polymers where a chemical reaction lestw plasma introduced carbonyl groups=83 and Ct was
detected and interpreted as a redox reaction witerame oxide species are formed and a reducti@anfonyl groups
occurs. The general character of this redox reactias suggested by an investigation of a numbedifférent
polymer—metal combinations. The redox reaction atatfpolymer is function of the redox potential the metal
component (K>AI>Cr). These authors also emphasigeotcurrence of reaction between chromium and atiomings
in polymers.

Tribochemical wear arises of chemical reactions tleaurring between contact bodies or polymer andrenment.
Instances include oxidation, hydrolysis and dissofu Stachowiak and Batchelor (1996) commentedetffiects of
surface films, for example, oxide film on surfaeenperature in sliding contacts. When the oxide @atrhave high
thermal conductivity the temperature in the contawxte will decrease. However Hutchings (1992) ersizlea that the
contact temperature decreases with the oxide fdmrmétion because the shear resistance of the $illasis than the
substrate reducing the friction coefficient.

Therefore oxide film presence can be useful to cedthe friction in systems applications with indeds
polymer/metal as seals, bearings and sliding naserThe present study investigated behavior oPIBEK and PTFE
(polythetrafluorethylene) polymers in contact wi#iSl 4140 steel in laboratory sliding tests usingeasure of
temperature near the contact zone and scanninggalecmicroscopy (SEM) and Energy Dispersive Spstiopy X-
Rays (EDS microanalysis) of polymer surface.

2. Experimental
2.1. Materials and sample preparation

Two polymers were used in this work, PEEK and PTHBure 2. The polymeric sample had 13 mm of diamet
and 12 mm of length. The counterbodies were cyiladiaxis of AlSI 4140 steel (24 HRC) with 12 mm of diameter
and 18 mm of length. The chemical composition ef $keel is presented in the Table 1. Additionahaae furnished
by Lima da Silva, 2010.

Figure 2. Polymeric sample (1) PTFE (2) PEEK. Thiewa indicates the hole for inserting the thermqueu

Table 1. Chemical composition of AISI 4140 allogedtused in this investigation
%C %Cr %Mn %Mo %P %Si %S %Fe
0.38-043 0.80-1.10 0.70-1.0 0.15-0.25 <0.03 0.15-0.30 <0.04 balance

Before each testing, the surfaces of the samplee smoothed with abrasive papers of #80, #150, #2800,
#400, #600 mesh. While the counterbodies of #880##280 mesh obtaining roughness of Ra=0.3004m@%Bodies
and counterbodies were then cleaned with distillater in an ultrasonic bath during ten minutes.
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2.2. Tribological test

The tribometer used had two unlubricated journarings that supported the counterbody cylindridafs A
frequency inverter was used to vary the slidingeiy. The tests were carried out in the schemmdsital shaft — flat
sample (Figure 3). In the sliding wear tester,abanterbody cylindrical shaft was fixed at the eadd was driven by

an electric motor. A polymeric flat sample was meginvertically on a pivoted arm and was loadedragjdhe shaft by
a dead weight.

> &w
Figure 3. Schematic diagram of the sliding weatetes

In this research was disregarded the deflectiorthef counterbody cylindrical shaft formed by actiofh the
transversal force (from normal load) and the reastin the ends (bearings) due to supports. Sheshaft length was
small, having negligible effect on friction and wed the polymer.

During the tests, parameters as normal load, glig&locity and sliding distance were fixed at 5.0IN0 m/s and

1000 m. The relativity humidity was 50+10 %. Theterature (at 3.0£0.5 mm of the contact) was aequat 0.05 Hz
rate (Figure 4).
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Figure 4. Detach of the contact area with the tloeonple to measure the temperature

The width of the wear track on the polymeric sarapl@s measured using a scanning electronic migpesden,
the wear volume los¥, and wear rate, k, of the samples was calculatatben (Wanget al. 2009; Zhang , 2008;
Chen, 2003; Khedkaat al. 2002) as observed in Eq. (1) and (2).
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whereB is the width of the sample (mm), R is the raditithe steel cylinder (mm), and b is the width o thear
track on the specimens (mm). In Eq. (8)s specific wear rate (fiN), L is the sliding distance (m) amlis the load
(N). Seven repeat (discordant or confirmatory)stestre conducted for each set of frictional pairg] the average of
the seven repeat tests is reported in this article.

Morphologies of the worn surfaces were examinedgusi Shimadzu scanning electron microscope (SEM)aan
Energy Dispersive Spectroscopy X-Rays (EDS micrlyaig). To increase the resolution of SEM obseorsgtithe
polymer samples were plated with gold coating talez them electrical conductivity

3. RESULTS ANDDISCUSSION
3.1 Wear mechanism

Particularly to polymers, different wear mechanisans cluster in two categories: cohesive and iatéaf process.
In the cohesive process, the friction work is giaged in a volume relatively great adjacent torfatee. The cohesive
wear is controlled by mechanical properties oftibdies that are interacting. Several mechanical westhanisms can
be inserted in this category as abrasive, fatignaefietting.

Interfacial wear process involves dissipation aftion work in a region much closer, generating@ag increase of
local temperature. Beyond mechanical propertiesstirface chemical should be taken into considerat determine
the extent of damage due to wear. Transfer flm@ordosive or chemical wear belongs to this catggor

Fatigue wear: occurs in polymers probably as result of the fdafomaof cracks associated with elastic deformation
high tension cycles generating spalling (propagatid subsurface cracks) and delamination (Dong Beidi 1999).
This wear mechanism was identified in the PTFEaardination and PEEK as crater probably due tdisgalFig. 5).
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Figure 5. SEM images (a) PTFE detaching the delatinin (b) PEEK detaching crater by spalling

PTFE delamination is associated, probably, to phemmn known crazing that precedes the fracture of
thermoplastic polymers. In accordance with Calti§#00) and Canevarolo (2006) regions of highllficav favor the
formation of microvoids interconnected by fibrillaridges. Traction tensions leads to elongation rampdure of this
bridges and coalescence of microvoids startingctlaeks formation. Crazes were observed in the SEslge as
presented in the Fig. 6. The continuation of temsagtion after the crack formation leads to releas@ lamina
triggering to delamination.
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Figure 6. SEM images of a crack identified in theawsurface of PTFE emphasizing the possible oeccerof crazes

Abrasive wear: arise by hard asperities of the counterbody (tedids) or by hard particles (refereed as three)dsod
between the surfaces. This asperities or partieleepate in the polymer and remove material by @réertting or
shearing process (Dong e Bell, 1999). The scratohssrved in the sliding direction in the PEEK &iOFE surface
after tests against the steel are indication adigibn at two bodies, Fig. 7.
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Figure 7.SEM image of the surfaces (a) PEEK and (b) PTF

Tribochemical wear: occurs by chemical reactions between bodies ifacoror between polymer and environment.
Examples include the polymer oxidation, hydrolysil dissolution. These reactions can leads to hwéakains and
polymer degradation. Presence of particles and dikide on the surface of the PEEK, after the testhis research
characterize this wear mechanism, as presentdwiRig. 8. Magnification of the region delimited tiycle in the Fig.

8 was shown in the Fig. 9 evidencing EDS microasialgf the A and C points.

Contact Zone

Sliding wear

- v g AccV Probe Mag . WD Det
7} o R LY L200kV 50 x40 17 SBSE
\ A ¥ R\ SRR 1¢
\

Figre 8. S imaesa) SE and (b) BSE of thePE%ce after test. In (b) clearer areas are cérama iron
oxides, constituents of the AISI 4140
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Iron and chrome presence was evidenced in the emetgsis originated from counterbody of alloy st&#EK has
oxygen in its chemical structure molecular, frotheetgroups (—O—) and ketone (RE€D)R’), such presence along
with interfacial heat caused by friction, may hdaeored the intense formation of particles and diloxide resulting in
break of the polymeric chains as commented by Dasat. (2009). Friedricket al. researches in 1999 about chemical
interactions polymer-metal indicate occurrence edox reactions between functional polymeric groapataining
oxygen and metals with redox potential as potassialtbminum and chrome. After tests with this materit is
important to assert that the oxide formation wasseen on the PTFE surface.
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Figure 9. SEM images SE and BSE and EDS microaisabfshe PEEK surface after test. Proving the fation of
chrome and iron oxides, constituents of the AIS1Gt1

Adhesive wear: characterized by presence of wear particles thacied and remained in the contact a polymeric film
on the metallic counterbody (Fig. 9), aging on fitietion and wear. In the case of polymers, junasi@re formed by
physical and chemical interactions that can inchdda der Waals bond or hydrogen bridges that, aicgrto Briscoe
et al. (1993), occur probably due to heating in the faise can melting or soften the polymer. Some tlesowere
developed to explicate the adhesive wear, as piebgrDasaret al. (2009):

1) Thermodynamic theory: adhesion occurred due betsakikity of a solid surface by melted polymer;

2) Chemical theory: credits to adhesion the formatibohemical bonds in the interface;

3) Theory of the weak cohesion layer: explain theutgbf the intermediate layer between solids.

Figure 9. Image of the test PTFE — AISI 4140, arstmww the PTFE on the counterbody
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Thus it is possible say that tribological procegzesiuce change in both, geometry and material ositipn on the
contact surface. This changes were identified e ghesent research, where the predominant tribzdbgnechanism
was influenced by composition and molecular stngctaf the polymer submitted to contact as recomradnily

Holmberget al. (2007).

3.2 Wear rate

Fig. 10 present wear rate of the PTFE and PEEK #f#s. Can be observed that the PTFE wear ragel yga10
m?N and to PEEK was 1,7xI® m?N. Thus PEEK presented higher wear resistance B&FE. This difference of
almost two magnitude order in the wear rate is ciaged to wear mechanism of each polymer as idedtily SEM
images. PTFE suffers delamination in function sfritolecular structure that favors formation andakireg of transfer
films of low shear strength during sliding resultim high wear rate. In the PEEK occurred tribocloainreactions

with film oxide formation acting as protection agsti wear posterior.
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Figure 10. Wear rate of the PTFE and PEEK aftds tes

In Table 1 was presented wear rates values of Tire=Rind PEEK found in the literature. Observed étidiough
different conditions of tests in the refereed wonkear rates values are approximated of the oltaimehe present
research, with 9xI8 n’/N to PTFE and 3xI8 n?/N to PEEK.

Table 1. Wear rate values of the PEEK and PTFEdoanrthe literature

Wear rate (literature)
Chen et al. Khedkar et al.
PTFE 9x10™" 9x10™*
(Acoinox; 0,1 m/s; 200 | (A 440C; 0,1 m/s; 5N;
N; 100m) 1 km)
Zhang efaa/.
PEEK 3x10
(AISI 52100; 0,2 m/s; 9
N; 1 km)

3.3 System Heating

During the tribological tests occur friction betwegolymer and steel resulting in contact heatirsg thas measured
by thermocouple near the contact zone. The systainy, considered as temperature near the coffagtminus
environment temperature (Ta), was presented inFtgs. 11 and 12 to PTFE and PEEK, respectivelyseteen test
repetitions.

Heating in the tests with PTFE reached around 16a&e&n test where this values not arrived 6 °C.(Fig. PTFE
is known as solid lubricate material, characteristiginated by molecular structure with linearichained by Van der
Waals bond that due to weak nature confer to palyjowe shear strength. Moreover, fluorine atoms lagahe chains

difficult its interactions making lower shear stgém
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System heating in the tests with PEEK reached ar®@AC. This result is similar to PTFE heating, lewer, the
PEEK not is consider solid lubricate by literature.
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Figure 11. System heating in the tribological tegts PTFE
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Figure 12. System heating in the tribological tegits PEEK

4. CONCLUSIONS

Tribological tests were accomplished with PTFE BieEK sliding against AISI 4140 steel in the confagion of a
stationary polymeric flat sample — rotational cgliical metallic shaft. Wear mechanisms identified the PTFE
surface were delamination and adhesive wear, atersd in the SEM image, Fig. 5(a) and photograghgontact
zone, Fig. 9. These wear mechanisms configure @ $abricant behaviour because the laminas origithaby
delamination detached by the polymer wear and adhtr the steel contact surface shown a self latioic action of
the interface — identified in real-time by the hegtresponse next of the contact. The PTFE predétstelassic transfer
film formation due to molecular and crystallineustiure. The crystalline structure consisted of ftayef crystalline
material between relatively weak layers of amorghmaterial and this favors deformation of the PTir&a series of
discrete laminas. A block of PTFE in contact withaader counterface loses material as a seriegmhhte resulting in
low friction but a high wear rate (Stackowiak anat&helor, 1996). High wear rate and low systemihggevidencing
low coefficient of friction) were observed in thigork. The delamination of the PTFE is mentioned dlg Li et al.
(2001), Khedkakt al. (2002), Lima da Silvat al. (2007) and Lima da Silva (2010).

Tribochemical reactions were the main interactibsesved in the PEEK surface involving interatonaiccés with
oxide production in the form of film and particlesccording to Friedrictet al. (1999), chemical interactions polymer-
metal can involveredox reactions between functional polymeric groups &mimg oxygen and metals wittedox
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potential as chrome favoring oxide formation. Thede film remained on the polymer surface resultingheating
similar to presented in the test with PTFE, whighow since this polymer is a solid lubricant. Ttwpotheses can be
associated to this phenomenon: (1) thermal condtyctf the oxide an order of magnitude higher th@otymer as
suggested by Stackowiak and Batchelor, 1996; (@)ffwtion coefficient as result of interfacial il of shear resistance
lower than polymer as proposed by Hutchings (1998us the PEEK after suffer external stimulus ddtion (that
result in an initial heating) in the presence otahavith redox potential responds with a film formation and retpe
stabilization of the system heating in the rangthaf achieved by PTFE, a solid lubricant. Thismmeenon can justify
a tribochemical characterization of the PEEK amars polymer.
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