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Abstract:

This study is focused on the interests and limifsEdS, Electrochemical Impedance
Spectroscopy, to establish the electrochemical \beta of a tribosystem during friction between
copper and aluminium in acid solution. EIS measers) are performed before, during and after
friction for understanding electrochemical surfaeaction evolution. For each material, calculated
capacitance in high frequencies range allows ggftinther information about the double layer state.
The Potential of Zero Charge (PZC) is defined sastthe potential value associated to the lowest
capacitance. PZC was calculated for copper sanmplasely and it was associated to a potential range
for aluminium. PZC value of each material is disags as a key parameter of sliding contact in
considered media. Finally, impedance diagramstitis a parallel contribution of aluminium and
copper during static contact. During wear corrosests, EIS results, at high frequencies, areeelat
to the evolution of adsorbed water molecules.
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1. Introduction

Tribocorrosion is defined as friction under corvasiconditions. This phenomenon
occurs during rolling and/or sliding contacts ic@rosive medium [1], such as nuclear [2],
and medical implants industry [3].

Since the 70s, understanding the impact of the mmechl solicitation on the
electrochemical properties of materials is a kenp!]. Usual electrochemical techniques
are practised: open circuit potential evolutioncadang to normal load or frequency [5];
potential applying and current monitoring for queative analysis of wear [6]; current and
potential monitoring under open circuit conditions, electrochemical noise measurements
[7]. Electrochemical Impedance Spectroscopy (ndi¢®) was also described by several
authors as an interesting tool to investigate m@ishas occurring on both materials surfaces
in contact [8-10]. Because interfaces reactivitp t&® modelled by an association of basic
electrical components [11], EIS experiments weréopaed.

A modelling tribosystem based on aluminium-coppas \studied because it highlights
galvanic coupling due to the high electrochemigatkptial gap in the considered electrolyte
[12]. Copper effect on the aluminium corrosion stmnce is widely studied in material
science [13,14]. Recently galvanic corrosion betw€e and Al was particularly studied by
local Electrochemical Impedance Spectroscopy (LELS]. In contrast, the electrochemical
behaviour of Cu/Al contact under sliding was lesssidered in acidic solution using EIS
technique. Firstly, the electrochemical behaviofircopper and aluminium was studied
separately to characterize the Potential of Zerar@h (noted PZC). Attraction or repulsion
phenomena play a significant role in the frictiorolation between two surfaces in contact
[6]. Finally, the electrochemical behaviour (EI)static and dynamic contacts, i.e. under
sliding conditions was characterized. In additiS&EM and EDS results provided elements for
describing wear mechanisms.

2. Experimental

2.1 Materials

The chemical composition of aluminium alloy (A 20[16]) was measured by spark
emission spectroscopy on a SEO JY 50 E equipmableTl.

Elements Cu Mn Mg Si Fe Zn Cr Pb Ti Sn Ni Al

Weight% 4.00 0.71 0.66 0.66 0.44 0.17 <0.05 <0.05 0.03 <0.620.01 bal

Table 1: A 2017 chemical composition (weight %).

Copper composition was measured by electrolysiscanfirmed by atomic absorption
spectroscopy. Minor metallic elements such as GrAY, Fe are lower than 0.002 % weight
percents, copper purity was established to 99.80 %.

2.2 Tribocorrosion device

A wear corrosion apparatus was developed in MATRI®ratory, for pure sliding,
from reciprocating displacement, in a pin/disc ogunfation, Figurel. Displacement
amplitude of + 8.6 mm at a frequency of 1 Hz waglieg. Electrical contacts between device
and samples were eliminated by insulation of saswpdmstitutive of the tribosystem.
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Figure 1: Wear corrosion experimental device.

A copper surface roughness of Ra = 0.10 +/- 0.05wa® obtained after a polishing
procedure including grit paper 180 to 1200 and lifna paraffin solution and alumina
particles to obtain mirror surface.

Normal load equal to 6.7 N was applied by dint alilrated rod fixing the contact
diameter and the temperature was maintained to 23C. The worn copper and aluminium
alloy surfaces were observed and analyzed withamr8og Electron Microscope JMS 840
JEOL coupled with an EDS probe.

2.3 Electrochemical measurement

Acid solution has been chosen to maintain actiatesof material constituting the
tribosystem [12]. The electrolyte was an aeratddtism of 0.5 mol..* N&,SQ;, pH of 1.7
obtained by a k5O, buffered solution.

Electrochemical measurements, including corrosiotenqtial (ko) as a function of
time and electrochemical impedance measurements,caeried out.

A mercury/mercurous sulphate (Hg/A%$) reference electrode saturated igSKy
solution was the potential reference; the ionicjiom was located very close to the working
electrode surface, almost 2 mm. The potential &gaire standard hydrogen electrode (SHE)
was of 0.615 V at 25 °C.

Concerning the EIS spectra, the frequencies raragefiem 10 kHz to 15 mHz. Data
were validated by Kramers-Koenig (K-K) transforroati[17,18]. Copper and aluminium
were studied separately as a working electroderbéefo establish EIS diagram of the
tribosystem. Exposed area of Cu and Al were 19m63and 0.20 cm? respectively. A graphite
counter electrode was a cylinder, diameter of 5 mmd length of 70 mm. Impedance
experiments were carried out using a Princeton idgpResearch (Parstat 2263) equipment.
Impedance monitoring was performed at free corropmtential and applied potential.



3. Results and discussion

3.1 Data analysis

At the pH of 1.7, dissolution of aluminium and ceppoccurs. Figure 2 illustrates
experimental EIS response recorded for aluminiuloyslimmersed during 5 hours in acid
solution. Spectrum exhibits two time constantshigh frequencies, the depressed capacitive
loop was related to the fast electron transfer.loM frequencies, the inductive loop was
characteristic of relaxation processes related toleation and/or growth of corrosion
products of Al. Outliers recorded at very low fregaies can be attributed to the non stability
of the aluminium corrosion processes. Their elimarawas improved from Dygas et al

approach [19].
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Figure 2: Aluminium EIS diagrams, Nyquist plot representation, raw impedance data, after
immersion in Na;SO4 (0.5 mol.L ™) buffered to pH 1.7 by H,S0, for 3 hours,

The Nyquist plots obtained for the copper is repnésd in Figure 3. The diagram is
characterized by one depressed capacitive loop eeithire below the abscissa. Because the
pH test electrolyte induces an active dissolutibcapper reaction mechanism proposed for
the larger electrode can be interpreted as thegeh@ansfer resistanc®y) in parallel with

the double layer capaci{€q).
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Figure 3: Nyquist plots of Cu after immersion in Na;S0O, (0.5 mol.L™) buffered to pH 1.7 by
H,S0O, for 5 hours.



Their contributions to the total impedance can ledl \mterpreted by analyzing the
system using an equivalent circuit. In this worlengents of the equivalent circuit were
selected following these two conditions:

* numerous electrical models are available for aliummnalloy sample in different media
including numerous associations of resistance, atgree and inductance [20-23].
Because this study is dedicated to compare théretdemical behaviour of each sample
separately with one of both samples coupled etatlyi during friction, the same
equivalent electrical circuit was selected bothdach material and for tribosystem.

. Reciprocating test leads to an alternative serfactivation which could be induced
EIS results from mistakes (no stationarity), esplgcfor low frequencies in accordance with
corrosion phenomena.

The selected electrical circuit was a series aationi R(CPEy, Ruy). Re is the
electrolyte resistance.,Rs a resistance that is associated in paralldl thié CPE;. CPE is
the Constant Phase Element (hf: high frequencresyrder to include the divergence from
pure capacitive behaviour. CREalue is described as

-1
. Qy (jw)"

Qnr, admittance ab = 1 rad.5(S.<.cm®), j? = -1 the imaginary unity the angular frequency
(rad $% andn is the CPE exponent €On< 1)

Then electrical values, resistances and capacsagadculated from CPE, have been
compared between aluminium alloy and copper sanfygiyeen the static contact (Al-Cu)
and sliding contact (Al/Cu). These results alloucakating the capacitance according to the
Brug'’s relation [24]:

(eqg. 1)

1-n

Co =Qu (QyRy) " (eq. 2)

3.2 Impedance diagrams for aluminium alloy and copper, separately
3.2.1 Aluminium alloy sample

During experiments, the free corrosion potentiadrdes were lower than 10 mV, which is
consistent with the small amplitude of the perttidravoltage for EIS measurements.

The values of the electrical components have badculated for the same Al sample and
different time of storage in the acid solution, TEap.

Duration G Err (Gy) n Err (n) R Err (Ry) x>
hour uF.crif uF.cn? ohm.cd  ohm.cn
15 64 24 0.88 0.05 1222 272 1.0°10
3 63 21 0.89 0.07 1190 233 1.7410
4.5 64 20 0.90 0.07 1115 263 1.6%10

Table 2: EISresults calculated from Al sample immersed in acid solution.



Table 2 exhibits no drastic evolution of the catmwe, resistance and n. Thus, it is
worth noting that, after 1.5 hour, the electricahlviour of Al does not suffer changes.

3.2.2 Copper sample

During experiments, the free corrosion potential tbé copper sample did not suffer
significant changes as the aluminium sample. ThEad#ance increases according to the
exposure time, in acid solution ang; Recreases as summarized in Table 3,

The CPE exponent values show that the double iayless and less homogeneous, probably
due to the modification of roughness during dissofu

Duration Ch Err (C ) n  Err(n) R Err (R ) X
hour puF.cm?  pF.cm? kohm.cn?  kohm.cn?
3 5.0 0.2 0.85 0.04 31.22 0.82 4.2°10
5 6.0 0.2 0.84 0.12 19.59 0.50 3.8%10
6 8.7 0.4 0.81 0.01 12.08 0.30 4.6%10
6.5 9.8 0.4 0.81 0.01 10.79 0.26 4.210
7.5 10.2 0.4 0.81 0.01 10.20 0.25 4.010

Table 3: EISresults calculated from Cu sample immersed in acid solution.
3.2.3 Potential at the Potential of Zero Charge (PZC) for aluminium alloy and copper

Sliding phenomena depend partially of electrostatiate of material surface in
contact. The potential of zero charge (PZC) plagggaificant role in electrostatic processes.
Different PZC values for copper immersed in différgolution are proposed in literature i.e.
Bockris and Reddy’s report [26]. EIS offers a gaodl to determine the PZC of material in

solution which is considered like the minimum oé tbapacitance according to the applied
potential [25].

Series of impedance spectra for copper and alumirlectrodes were recorded on sulphuric
acid solution in a large range of potentials (betwed.47 and + 0.37 V v&:§).

Double layer capacitances evaluated from electegaiivalent circuit described previously,

are plotted against applied potential in Figureapacitances at Open Circuit Potential (OCP)
are also reported.
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Figure 4: Capacitances evolution for Al and Cu electrodes, according to applied potential;
Mercurous Sulphate Electrode (MSE); Open Circuit Potential (OCP).

Figure 4 shows thatcis approximately constant for Al sample. Thg, Calculated at
open circuit potential (free corrosion potenti@)four times higher than the one calculated at
applied potential. The aluminium alloy surface,idgrapplied potential tests, is modified by
the previous cathodic polarization, although th&eptial value is the same. The curve does
not exhibit a minimum of capacitance.

Concerning the copper sample, Chf is lowest andecto the free corrosion potential. The
minimum potential is more negative than the fregaion potential. At high frequencies, a
capacitive loop from the relaxation of the douldgdr capacitance is observed.

The faradic process is slow compared to doublerlagiaxation and specific ions are not
adsorbed. However, this last hypothesis could bestipned. Indeed, the capacitance of
copper, at open circuit potential (OCP) potenimglnot rigorously constant and the salts on
the surface could participate to this evolution][Z%e same behaviour could occur at applied
potential, close to free corrosion potential. Hoer\the evolution of the copperi(Ghows a
minimum that is relevant with the PZC value.

In this work, the PZC value of copper sample isnested to be -0.47 + 0.04 V vs. MSE
which is in accordance with Ma al. [25] who found a value of -0.56 V in sulphuric &d.5
mol.L™Y. However, experimental protocol does not allowcakiting the PZC of aluminium
alloy. Thus, one might suggest that the PZC of alium alloy is closed to the OCP around -
1.13 V vs MSE [26]. Further investigations havebeocarried out with only one sample per
value of applied potential. Figure 5 shows evolutd OCP of the contact between Al and Cu
before, during and after sliding.
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Figure 5: Free corrosion potential during friction between Al pin and Cu plate; solution:
Na,S0, 0.5 mol.L ™ and sulphuric acid, pH = 1.7.

The OCP value is between one of PZC of Cu and ALlsT positive charges on Al alloy
surface are opposite to negative charges on capptace. If the electrostatic attractions are
considered, the friction coefficient would be higle these conditions. EIS measurements
contribute to reveal the synergistic effect in agbrrosion. However, no friction coefficient
can be measured with this equipment. Additional ksowill be carried out in order to
correlate friction coefficient evolution at differeapplied potentials.

3.3 Impedance diagramsfor static and dynamic contacts

3.3.1 Satic contact between Cu and Al

Table 4 shows the capacitance, the resistance afd defined as
XZ:Z(log|zi,expe,imaj|—|og|zim,ated|)2, for the static contact between copper and alumini

alloy, at high frequencies. The capacitance cancdesidered constant as well as the
resistance.

Duration G Err (Gy) Ri Err (Ry) X2
hour uF.crif uF.cn?  ohm.cd  ohm.cm

23 80.3 6.2 1015 27 2.0.30
25 80.1 5.6 980 25 1.7.%0
27 84.3 1.0 1029 28 1.6.30
29 84.4 1.0 1032 30 1.7.30
31 104.9 8.6 889 21 2.230

Table 4: ElISresults calculated from static contact between Cu and Al.



Table 5 presents capacitances and resistanceélodlectrode before contact; -Cu
electrode before contact; - Al/Cu static contastaiation of aluminium alloy and copper in
static contact. It was decided to consider capacits by unit of area and resistance® asi’
(Aluminium alloy surface: 0.28 cmcopper surface: 19.63 én

Ch Err (Gy) Rt Err (Ry)
UF.cnf HF.cnf ohm.cn ohm.cni
Al 64 22 1176 256
Cu 8 1 16.78.10 0.43.16
Al-Cu static contact 87 5 989 26
Ci(Al) + Ci(Cu) 72 23
1/R(Al) + 1/Ry(Cu) 1099 141

Table 5: EISresults from: -Al electrode; Cu electrode; Al-Cu static contact;

The capacitance calculated for the static conteas wlosed to the addition of the
capacitances of aluminium alloy and copper. Moreovlee resistance, (R is close to
(1/Rns(Al)) + (1/Rnf(Cu)). As a result, the aluminium alloy and coppentact is consistent
with a parallel association. Cathodic reaction @etyreduction) occurs on copper surface and
anodic dissolution on aluminium alloy. In this cagalvanic coupling between both metals
can be considered.

3.3.2 Dynamic contact made of copper and aluminium alloy and post contact

During friction, numerous wear phenomena occumsier, oxidation, mechanical
degradation as ploughing, wear, etc. The worn egpeesents 4 % of the entire Cu area. The
particular behaviour of worn track area could n@idolated. As the entire copper surface was
selected, worn track can be neglected for resistand capacitance consideration. This work
could be considered as a first approach.

Figure 6 shows capacitances,fCresistances () for different times of experiments. Five
steps have been highlighted on this figure: ElSiltedor (1) copper and aluminium alloy,
separately; (2) static contact; (3) dynamic confizition test); (4) static contact after friction
test; (5) after fourth step, with separated samjdash step is discussed below.
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3.3.2.1Seps ], 2,and 3

Steps 1 and 2 have been described and discusgedvious paragraphs. The step 3
indicates that the (¢ value decreases when friction startg; &e almost constant. At the
beginning of friction, convection occurs due toraimium alloy pin displacement in the
solution. Active surface is then disturbed. Durisgatic contact, aluminium deals with
cathodic protection in the contact. During dynacoatact, Cu surface becomes active. After
3 hours of friction, values correspond to the oh€w, a weak difference is attributed to the
modified wear track area.

During sliding, G:, Ry, increase according to time, this electrochemisahaviour is
reproducible. It could be associated to a chargediffnation of the surface.

Cuw _ &g,

— = eqg. 3

S o (eq. 3)
Where S is the double layer area, e is the thickreesind g, are the permittivity of the
adsorbed water and of vacuum respectively.

Rnt.S =p.e (eq. 4)
Wherep is resistivity that varies to the inverse of thes concentration.

C
If %.&S:p&so (eq. 5) increases eithpror eithere increases. f and R evolutions

are consistent with an increasing of the resistiaind a decreasing of ions concentration in
the double layer. Due to the,{Cthe evolution of adsorbed water permittivity abukveal
these evolutions. Indeed, according to the oriemabf the adsorbed water molecules, the
relative permittivity should change [28]. Becaussadinvolve ane increasing, the wear
mechanisms could modify charges on materials seirfac

3.3.2.2 Sep 4

The step 4 concerns the Al-Cu contact after frictidear 5 hours after friction, values
of the electrical components are close to stepr& €an conclude that the electrochemical
behaviour goes like during friction. Dissolution ntimues being active, because of the
galvanic coupling between copper and aluminiumyallo

3.3.2.39ep5

Step 5 shows that resistances of both sampleseakewnthan the one during friction.
Thus capacitances increase and values exhibiteghaocy. The dissolution rate increases, it is
higher than the one before friction. After frictistep, surfaces have been worn and damaged.
The local attack sites emerge. Consequently, theraseopic measured capacitance is not
accurate.

3.4 Wear track analyses

Figure 7 shows qualitative EDX analyses and SEMenladions of wear track on
copper plate. The gold presence results of sammpapation. Figure 7 a. presents EDX
spectrum in the worn zone that can be compared Mghre 7 b. which represents analyses
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outside the track. A transferred aluminium alloghen observed on the copper sample. Over
mechanical aspects of wear, previous PZC discusstonld partially explained adhesion
phenomena of aluminium on copper. Figures 7 ¢ andexhibit cracks and debris
characteristic of fatigue friction.

Figures 8 shows qualitative EDX analyses and SEBenations of wear track on

aluminium pin. These pictures highlight numeroupps deposits on aluminium alloy
confirmed by EDX analyses shown in Figure 8 a.
Figure 8 b corresponds to this particle. Figures &nd d. show respectively ploughing by
copper on aluminium and copper particles, smallidebgglomerated on the aluminium alloy
sample. Some debris were probably transferred amialum alloy sample by adhesion
phenomenon.
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Figure 7: a) EDX spectrum of Cu sample on the centre of the worn zone, after steE) 5; b) EDX
spectrum of Cu sample on the outer worn zone; ¢) SEM image on the centre of the worn zone,
Cu sample; d) SEM observation.
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Cu Au

5.0 10.0 15.0
keV

Figure 8: a) EDX spectrum of Cu transferred on aluminium electrode, after step 5; b) EDX
spectrum of aluminium sample on a worn zone; ¢) SEM image of Al sample, deposit of Cu on
Al; d) SEM image of Al sample on the centre of the worn zone.
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4. Conclusion

EIS contribution in tribocorrosion was investigateasm a specific friction device on a
Cu/Al tribosystem. Assumptions are discussed ims$eof frequencies range determination to
insure steady state system and to obtain pertinarface simulation by electrical equivalent
circuit representative. Once get around these keytations of EIS for tribocorrosion, this
technique could be considered like an efficient to@xplain the surface charges contribution
on the tribocorrosion wear phenomena. Analyses wamnged out for different configurations,
I.e. before, during and after sliding.

Due to EIS analyses of each sample separatelystanaged value of PZC was carried out.
According to the free corrosion potential duringction, PZC values predict that negative
charges are on the copper surface and positive@nt®e aluminium surface. Mechanisms of
adhesion and materials transfer could occur. Thpeetation was confirmed by SEM and
EDX analyses.

The impedance diagrams of the static contact exthbt copper and aluminium in contact
can be followed by EIS as a parallel associatiomnmgdedance. Results are consistent with
delocalized reactions. About the dynamic contat§ Bforms about an ions concentration
decreasing in the double layer. Moreover, the ixadapermittivity of adsorbed water
molecules could account for increasing the timestamt.

Additional works are in progress in order to impgawmerous results. The surface ratios on
the copper plate between worn surface and the edpaigface will change to understand and
to follow, by EIS, the location of the cathodic cgan and the reaction rate. Next tests will be
carried out with a friction device that will allomonitoring tangential load and dissipated
energy to relate the mechanical parameters toldurechemistry. Moreover, EIS could be

an interesting method to complete previous invasitgs, such as fretting-corrosion tests.
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