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Abstract

Thanks to their superior friction and wear propestin aqueous environments, silicon carbide (Si€amics are
commonly used for slide bearings and face segisimps. Tribochemical reactions of SiC with watevéha major influence
on the frictional behaviour as well as on the wages. It has been presumed that low friction édefits (in the order of 0.1)
are reached by smoothening of the surfaces, whaiehuirs hydrodynamic conditions even in water, apdhie formation of
lubricious oxide scales through tribochemical rigarcof SiC with water.

Silicon carbide is electrically semiconducting. Dioeadditives like boron or aluminium, silicon cald ceramics can
exhibit a considerable specific electrical condtitti Therefore, electrochemical reactions with evatr aqueous electrolytes
and subsequent friction, wear and corrosion maintheenced electrochemically. A pin-on-disc testers modified to study
SiC under the influence of electric potentials bw -1 and +1 V (vs. Ag/AgCI). It was observed thater cathodic
polarisation of the SiC samples, both friction ¢o&nt and wear rates were drastically decreaSeulprisingly, despite the
formation of oxide scales under positive (anodiclapsation the friction coefficients increased rsfigantly, which
contradicts the fundamental hypothesis of a lulirigeeffect of the oxide scales. After switching thfe electric potentials, the
friction coefficient instantly changed to adopt mait values of ca. 0.1. These results show that jtossible to influence or
even control the tribological behaviour of eledtig conductive ceramics in aqueous media by etegiotentials. New

models based on electrochemical surface effectsearessary to describe the observed effects.
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Nomenclature

CE counter electrode

COF  coefficient of friction

Ecorr corrosion potential

FESEM field emission scanning electron microscopy
ICP-OES inductive Coupled Plasma-Spectroscopy
icorr corrosion current density

LSV  linear scan voltammetry

ocp open circuit potential

RE reference electrode

SCE saturated calomel electrode

WE working electrode

C zeta potential

1. Introduction

In pumps and compressors, ceramic slide bearindgaae seals play an important role [1,2]. Thouugyt
are only lubricated by the transported media, wtdod mostly aqueous and sometimes chemically agjgess
they must work under mixed lubrication conditionsai very stable and reliable manner. Silicon carlhids been
established as a high performance material fomgibearings and seals: it is very resistant agamsosion and
wear and yields low friction coefficients under ik water lubrication conditions. However, there soene
technical applications, in which ceramic partsl stduse problems, because the frictional behavinay rise
instantly and become unstable due to lack of wh&tween the sliding contacts. Some chemically agiye
media and also pure deionized water may also ganeseature failure of the ceramic components becafigery
high wear and even active corrosion. Consideriegvery high requirements concerning reliability difetime in
chemical and power plants, there is a clear neddrtber improve the corrosion and wear propertiesilicon
carbide ceramics or to develop wear and corrosioteption techniques.

Water lubricated ceramic friction contacts are v&gble as long as tribochemical reactions of wattr the
interacting surfaces occur. These chemical reagtioay lead to the formation of superlubricious plkaise. to
tribological regimes with nearly zero friction [3,4Dn the laboratory scale, very low friction andaw conditions
were obtained, especially with silicon carbide amitide based ceramics. The fundamental frictiod aear
mechanisms have been studied extensively but tlmeynat yet completely understood because of their

complexity. The following relevant mechanisms hbeen discussed:

» Tribochemical reactions [5,6]: Within the slidingrtacts, mechanical and thermal stresses induce an

accelerated chemical reactivity and therefore éoctemical reaction of SiC with water. These trimuical



reactions cause mild wear conditions and thereftitre, removal of surface asperities, which favours
hydrodynamic lubrication even at very low lubricaigcosity.

« The SiQ-based reaction products contain considerable ataafnwater, since SiOreacts with water to
form silicon hydroxides. These gel-like silica phasre considered to have a lubricious effect harkfore
strongly reduce friction [7].

* Less known are the publications of Cheng et alaf8] Zhang et al9] who proposed a lubricous effect of the
electrochemical double layer at the SiC-water fats. Since the diffuse part of this layer getsasbeé in the
sliding contact, electrical charges are moved. &hmay cause an increase of the viscosity at tleefaue,

which may affect friction and wear of ceramic suda at very thin lubricant films [10,11].

Due to their electrical conductivity, the fricti@md wear behaviour of silicon carbide based maseniay be
influenced by electric potentials applied to thibdlogical system. Although there exist only a fpublications
on the influence of electrical potentials on thbdiogical behaviour of steel-ceramic sliding pdit2, 13] and
steel in contact with hard coatings (e.g. TiN-cogsi [14]), there have been some observations innieal
systems that clearly show an influence of elegtatentials on the tribological and corrosion dambgeaviour of
ceramic components [15]. Also, electrochemical @gsion studies [16,17] and studies on electrochdretching
[18] show that the surface state of SiC ceramicsbminfluenced by electrical potentials. The carphterplay
between mechanical, chemical, and electrochemitatdctions during tribo-corrosion was recentlycdssed by
J.-P. Celis et al. [19]. The work shows the pofigjbto investigate in-situ electrochemical (colimy and
mechanical (friction and wear) interactions at slhiefaces, which are immersed in electrolytes likgerbased
solutions.

An electrochemical characterisation of solid s&itgered silicon carbide ceramics is given in réf th this
paper it was demonstrated that for SSiC ceramitis sypecific electrical resistivity of 2.8m surface scales of
amorphous silicon dioxide could be produced by anogidation at elevated potentials (2 V) in acidiedia. In
alkaline media anisotropic electrochemical etctohthe SSiC-ceramic was observed. This is in acmed with
the potential—pH equilibrium diagram for the systaiticon—water [20]. Above a pH-value of 10 soluble
silicates are the predominant species.

So far, despite the very large technological impaetither the materials development nor the electro
chemical approaches have yet been examined. Ifi@ddihe fundamental understanding of the tribab
behaviour of silicon-based ceramics in water emriment is only fragmentary.

The aim of the present work was therefore to cawuy a fundamental study of the influence of electri
potentials on the friction, wear and corrosion bédwar of silicon carbide in water and to find out i
electrochemical techniques may be applied as wearcarrosion protection measures. For this stugynson-
disc tribometer was modified in order to apply &liecpotentials during a friction and wear test.n@ementary
electrochemical corrosion studies were performestady the effect of electric potentials on chernieactions
with water. The findings of this experimental waskanalysed and discussed taking electrochemibfattsfinto

consideration to explain the tribological results.



2. Experimental

For the tribological studies, a standard pin-orc-distup (TRM 1000, Wazau, Germany) was used, ictwhi
the pin specimen is fixed within a lubrication fig. 1). The load is applied by dead weights thatss the lower
test setup against a rotating disc. For the elgtimdogical studies, sample holders and electeobdntainer were
made of PMMA to realise an electrically isolatingvgonment. Electrodes were applied as shown irlfig\
platinum electrode was used as the counter elext(Gf) and a standard Ag/AgCl-electrode as therente
electrode (RE). The fixed pin was electrically @mtéd at its backside and defined as the workiegtelde
(WE). Potential difference control between RE anfl,\&nd measurement of the current between CE andvei¢E
conducted using a potentiostat (Wenking LPG03-%hkBElektronik GmbH, Pohlheim, Germany).

Materials and samples

The silicon carbide used throughout this work wasommercially available material (EKasic D®, ESK
Ceramics, Kempten, Germany). This material is adssiate sintered silicon carbide (density: 3.16nd)
containing minor amounts (<1wt.-%) of aluminium sistering aids (< 98%). The grains are plateled hkith
grain sizes up to 20- 40 pum. Ekasic D was choseause of its good electric conductivity (22n) and therefore
good response to electric potentials The investigatin a second step will be expanded to SiC rsdgewith
lower conductivity. The discs had a quadratic sh@fex 40 mm, thickness: 5 mm) with a surface roags of
Ra: 0.06 um and Rz: 0.41 pm. The pins were als@ront quadratic rods (8 x 8 mm, length: 10 mm), ¢batact
site of the pin was ground to a spherical shapdisa 10 mm). The pin has an initial surface rowggsnof Ra:
0.15 pm and Rz: 0.84 um.

Test conditions

The test conditions, at which tribological expenmtseewere performed, are summarized in table 1. &hes
parameters were selected to study the principalente of electrolyte composition (pH and conceitraand
type of ions). Of course, more complete seriesasbmeters should be used in future studies, bahtav the
principal effects, these parameters are sufficiBnécise specifications of test conditions are mivethe figure
captions of each diagram in the results section.

3. Resultsand interpretation

Electrochemical behavior of SC



Results of linear sweep voltametry (LSV) for SSii5 M HSO, are shown in fig. 2a. The scans have been
recorded with a scan rate of dE/dt = 0.5 mV/s mo&ential range from -0.6 V up to 0.8 V versus S@t is
before cathodic hydrogen evolution and prior todio@xygen evolution. The detailed analysis cleathpwed
that in the anodic part of the LSV, in acids andtred solutions a SiPpassive layer is formed [16, 17]. Fig.2b
shows a long term exposure of the SiC in acidiatgmh. At begin of the exposure the open circutieptial (ocp)
is in the same range as thgEneasured by LSV under the same condition (fig.Bawever, the ocp rises up to
0.3Vsceover the the time of exposure. This value is edaivato the potential of the active-passive traosit
shown in Fig.2a and is caused by the formation gnodvth of the passive Sidayer. The occasional potential

drops can be explained by internal stress inducatks and immediate re-passivation.

Influence of electric fields on friction

In fig. 3, a first potential scan of the corrosiomrrent and the corresponding friction coefficielring a
running tribological test is shown. Starting ataemtial of -300 mV, the voltage was increased® mV within
10 min. The potential, current and the correspandiiction coefficient were measured. Due to theialzle
contact conditions in the sliding contact, thera sgnificant scatter of the electrical signals, the typical shape
of a potential curve is clearly visible. Furthermdyecause of this variable contact conditions 3ighows the
corrosion current and not the corrosion currensidgn

The most interesting observation shown in this @iagis the potential dependent course of the duicti
coefficient (COF). At cathodic potentials (< 220 jn\the COF was decreased to values as low as &.02.
transition to enhanced COF was observed, when ¢henpial was shifted to anodic conditions (> -200)m
Finally an abrupt change of the COF to mean vatdies.. 0.1 appeared, when the potentiostat wasduoff.

To study the effect of electric potentials on foctthree potentials were selected, at which tapwal tests
were conducted under constant conditions (figA4)x300 mV, the observed COF remained constanhafd7.
At a potential of -216.5 mV, which correspondshe torrosion potential (s. fig 3), the COF washtligbelow
0.1. This COF was also observed in the absencdecfrie potentials. The lowest COF was observech wit
cathodic potentials (-300 mV). In each test, thmreurred a sudden change of the COF to 0.1, wherndhage
supply was switched off.

This result already shows that there is a cleaeddpnce of the friction coefficient on the appladctric
field. Surprisingly however, the lower friction dfieient was not observed under anodic conditicatsyhich
oxidation of silicon carbide takes place. The agllsctrochemical reaction that can be expected(ft 3V is the
reduction of oxygen to form OHand therefore may cause a slight surface-neampk¢ase. Although this may
imply that a tribofilm may form on the surface undeese conditions, the extremely low wear ratdscvwere
also measured, contradict the hypothesis of theiroggce of any chemical reactions to form softdfilms
because they would be easily worn off. In addititne, abrupt changes of the COF after turning off ibtential
cannot yet be explained, since a relaxation okthetrochemical potential generally takes a cetiaie. It is also

clear that chemical reactions that may be triggéneélectric potentials are too slow to cause abchpnges of



the friction coefficient. In contrast, the doubkeyér models [8-10] seem more likely since thespaed very
quickly to potential changes.

The FESEM analysis of the worn surface showed @ Biyer formation even under conditions, where an
electrochemical formation of the Si®ayer due to SiC oxidation is expected [16, 1MisTindicates that the
formed SiQ is directly removed by the wear due to slidingtach

Regarding the friction mechanisms described ini@ecl, this observation cannot be explained by the
hypothesis of a lubricious effect of silicon oxidesmed in the sliding contact which has been dattd by Xu
[7] and many others. In contrast, the hypothesi the electrical double layer is supporting armbitising
hydrodynamic lubrication seems more adequate. fiochc polarisation, cations are attracted to ti@@ Sirface.
Therefore, within the electric double layer, thes¢ions may play a decisive role concerning the-sagace
viscosity. Little is known about electrokinetic @fts at electrified surfaces in concentrated edbaas [21], but it
is undoubted that the electric double layer isuigficed in the presence of electrical potentialhigih shear rates
occurring in very thin lubricant films, charge movent in the diffuse layer causes a significantease of the
viscosity, which in consequence stabilises hydradyic conditions.

This consideration implies that the nature and eatration of cations in the electrolyte should hawe
influence on the tribological behaviour of electtlg polarised ceramic surfaces. Therefore, the INalution
was replaced by KCl and HCI to check if the chanfiehe cation affects friction and wear. Resultstlodse
studies are shown in fig. 5a. In fig 5b the coroefing currents are shown. It can be seen thahgluhie whole
experiment the currents were negative, which indicdhat the polarisation of the sliding pair washodic.
Current changes that were measured when NaCl andvkr@ used as electrolytes do not directly coteelgith
the COF and may rather be assigned to reductiomyafen, which was probably dissolved in the eldgteo

Repeated tests at cathodic polarisation using Ma@IHCI yielded COFs that are clearly lower that @OF
observed with unpolarized surfaces. When KCl| wadduthe decrease of the COF was also significantheu

friction level was higher than in the case of Na&id HCI-solutions.

Influence of electric fields on wear

After the tribological experiments, wear was meadusing stylus profilometry. In fig. 6 profiles wfear
scars of a series of pin-on-disc tests are ploifédar scars are visible after tests without eleqtotential, at
anodic potentials (+300 mV) and at the corrosiotepial (-216.5 mV). Only a slight reduction of tearface
roughness is visible after tests at cathodic p@kiB00 mV).

Wear volumes were determined from the wear profildse overview in fig. 7 clearly shows that under
cathodic potentials, the wear is strongly reduced.

Due to the very small wear rates, the linear wearat measureable by monitoring the height cha8gee
the wear of SiC in water is chemical, there isramréase of concentration of dissolved silica indleetrolyte. To
measure the chemical wear, small amounts of elgt#ravere continuously taken an analysed using dtidel
coupled plasma-spectroscopy (ICP-OES). This metwbdth is described in more detail in a separafeepf??],



allows an accurate measurement of low silica camagons in aqueous media even in the presenceghf h
concentrations of other dissolved salts.

In fig. 8, the time-dependent wear of SiC in Na®Glusons is shown. Surprisingly, the wear rate was
significantly lower in higher concentrated NaClig@n. This observation may be explained by the elow
solubility of silica and Na-silicates in highly coantrated solutions [23]. In previous studies andliding friction
and wear behaviour of SiC in acids and bases fRé]nature of the solution was reported to havarmmneffect
on wear. However, in that study, the solutions waearly less concentrated than the NaCl solutissed in the
present study. Actually, we have not found any ishield work, in which the tribological behaviour 8iC in
NaCl solutions has been studied in detail.

The influence of electric potentials on wear bebawiof SiC is shown in fig. 9. By monitoring thdich
concentration in the water, it is clearly obsertegt wear was significantly lower when cathodicgmtials were
applied. The friction coefficients of these expegints are shown in fig. 5. It was even observed tthatsilica
concentration became constant after a short rurnipgriod, which means that the wear rates weoeedsed to

nearly zero.

Discussion

The results show that there is a clear influencel@étrical potentials on friction and wear ofcilin carbide
in water. Not only friction coefficients are strdnglecreased but also the wear rate is minimisatieénpresence
of cathodic surface potentials in the range ofl€® mV below the corrosion potential. Regardingahdier work
on tribological behaviour of SiC in aqueous mediad[24], it is clear that surface chemical effeptay an
important role. However, chemical reactions thatdldo the formation of silica [7] cannot be the yoahd
essential mechanism which leads to low frictiomcsithe lowest friction coefficients were obseratdurface
potentials at which a chemical reaction of SiC $thawt take place at all. Electrochemical corrosaperiments
[17], evidently show that oxidation of SiC and tloemation of silica takes place at elevated anqditentials.
The results of the additional wear monitoring tesing ICP analysis also show that a continuous dtion of
silica is not necessary for the stabilisation oV foiction.

On the other hand, the hypothesis of Chen and ZF&8§ as well as Prive et al. [10], who proposkdtt
electrokinetic phenomena within the electric douaieer influence the frictional behaviour, seembé¢ovalid.

In neutral electrolyte concentration the used Si€ & negativé potential. The cathodic polarisation of the
ceramic surface therefore leads to a modificatibthe electric double layer and probably increabes near-
surface charge density or the DL thickness (Fig. B§ shearing the diffuse part of the double layke motion
of electric charges causes a significant incredsbeonear-surface viscosity. Enhanced viscositthatsurfaces
stabilises the friction at a low level, becausddseblid contacts are prevented. The influencehef ¢athodic
polarization on electric double layer thereforesaad an efficient buffer under mixed lubricatiomditions (fig.
11). Consequently, in the absence of solid-solintacts as well as tribochemical reactions the waims become

extremely small.



Conclusions

In pin-on-disc experiments, the tribological beloaviof sintered SiC was significantly influenced digctric
potentials, when highly concentrated electrolytdal, KCI, HCI, 1 mol/l) were used as lubricantsndgr
cathodic polarisation of the SiC samples, bothtifric coefficient and wear rate were drastically réased.
Anodic polarisation of the sliding samples resuliedenhanced friction coefficients and corrosiveawerl hese
results demonstrate a beneficial effect of elegiatentials of friction, corrosion and wear by ughcing the
electrochemical interactions at the ceramic sudace

The mechanisms leading to this effect are not yeketstood, but it is supposed that electrokineffiects
induced by shearing the electric double layers eaerithanced surface near viscosity and therefotsliséa
hydrodynamic lubrication conditions. Under cathodiolarisation of the sample surface, the surface
electrochemical reactions of SiC with water are idisined significantly thus chemical wear rates lmeeo
extremely low.

Since SiC components are commonly used as slidénbgeaand seals in aqueous media, it is suppobat, t

friction, wear and corrosion of these componentg aiso be reduced by applying electric potentials.
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