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Abstract

The stability of Cu-Al-Ni alloys used in the manatare of NaCl in Egypt was investigated in sulfide
polluted chloride solutions. Three different allpygamely, Cu-10AI-5Ni, Cu-10AI-10Ni and Cu-10AI-45N
were investigated in chloride containing sulfidas using different electrochemical techniquesluding
polarization and electrochemical impedance spectqmg The presence of sulfide ions in the chlosd&ition
accelerates the corrosion of Cu-Al-Ni alloys, wteer¢he increase of the nickel content in the aillogroves its
corrosion resistandgcarotene as eco-friendly corrosion inhibitor waed to protect the Cu-10AI-Ni alloys
from corrosion in presence of sulfide ions. Theresion inhibition efficiency reache®95% at 50 ppm of-
carotene. The alloy surface was investigated byst@ning electron microscope and the surface itoests
were analyzed by EDAX.
Keywords: Corrosion; chloride, Cu-Ni alloys; EIS; sulfidelfution.

1. Introduction

The Cu-Ni alloys possess attractive mechanical gntegs, high thermal and electrical conductiviteesd
good corrosion resistance in a variety of environtaeat moderately elevated temperatures (666301, 2].
The addition of aluminum to these binary alloys ioyes the light weight of the alloy and increadss i
corrosion resistance, especially in sea water altl solutions. It provides good wear propertiesttdr
workability and resistance to high temperature atiah]. The good corrosion resistance of the Cu-Al-Nowl is
due to the formation of a protective layer of alamiwhich builds up quickly on the surface postasye to the
corrosive environmer8, 4]. The passivation of the alloy is based on the tfa@t aluminum has a greater affinity
toward oxygen than copper and considerable stahifitAl,O; than CuyO in neutral solution$s,6]. The
essential role of Ni in the passivation of Cu-Nogs is attributed to its incorporation into the Quoxide which
is formed as corrosion product during the corrogibthe alloy[7,8]. The incorporation of nickel ions reduces the
number of cation vacancies that normally exist in( oxide. The substitution of Ni in the Cu (Ixide increases
with the increase in the Ni content of the alloylesist up to 30%. Copper/nickel alloys have trenoeisd
applications indifferent industries, where chlormtaining water is always used [9, 10].

The presence of certain pollutants, such as sulfidéhe seawater may jeopardize cooling systemshloride
medium, purged of air, the presence of sulfide iaoselerates the corrosion rate of Cu-Ni alloy4[B, 12].
The presence of sulfide ions is reported to be deng only when the corroding medium contains divesb
oxygen. Also, Cu-10Ni alloy was found to resistresion in seawater free from sulfide, but when Gopin of
sulfide was added to the solution, the corroside keecame significant. There is a general acceptdmat the
sulfide ions weakens the protective film by thenfiation of Cu(HS).qiscomplex or the establishment of sulfur
and Cu linkage that weakens Cu and O or (OH) bandinthe barrier film leading to the acceleratidittee
corrosion process [13, 14].

One of the important methods to combat corrosiothésuse of inhibitors. This method was extensiiydied
to reduce the corrosion of copper and its alloywater transport systems. A large number of organiopounds
ranging from long chain alkyl benzene derivativesheterocyclic organic compounds containing nitroge
sulfur were used as inhibitors for the corrosiorcapper and copper alloys in different media [1${@wadays,
there is an increased attention to the environrardtthe use of eco-friendly compatible corrosidmbitors.

In a series of publications, we have investigatetirble of Ni in the stability of the passive fifimrmed
on the Cu-Ni and Cu-Al-Ni alloys in chloride freehloride containing and chloride/sulfate neutralutons,
which represent the main solutions for the productf NaCl and Ng&O, by the Emethal Company at Fayoum-
Egypt [10, 18-20]. Since these alloys are alwaysduss condenser tubes for heat exchangers ando&sdor
aggressive acidic and basic solutions, it was ingmdrto investigate the electrochemical behavia thre role of
Ni in the stability of these alloys in chloride stibn polluted by sulfide ions [21]. The inhibitiarf the
corrosion process with environmentally friendly quomnds was also one of our tasks [22-24].The pteserk
deals essentially with the corrosion inhibition@di-Al-Ni with different Ni content in sulfide polted chloride
solutions using naturg-carotene secreted by the alga, which is practigaiésent in large amounts in Quaron
Lake water, Fayoum, Egypt]. The artificial cultugimf this alga is also undertaken in metallic pontise
present investigation showed thfatarotene, being an ecologically acceptable nafumadluct, can act as an
effective inhibitor for the corrosion of Cu or Cu-alloys.
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2. Experimental

The working electrodes were made from commerciadgrCu-Al-Ni rods, mounted into glass tubes by two
component epoxy resin leaving a surface area ot®f2o contact the solution. The alloys under investian
were prepared in our metallurgical workshop to mate application in the manufacturing of NaCl fraake
Qaroun in Egypt and the mass spectrometric analg$isthese alloys is presented in Table 1 [18].
Table 1: Mass spectrometric analysis for the different tetete materials in mass%.

Sample Cu Al Ni Zn Mn | Sn Fe Si Mg Ti

Cu-AI-O5Ni | 81.16] 11.15/ 4.98 | 0.11| 0.02] 0.142.22| 0.21]| 0.01| -----
Cu-Al-10Ni | 76.00| 11.28| 9.95 | 0.10| 0.02] 0.142.26| 0.24| 0.01| ------
Cu-Al-45Ni | 43.31] 9.56 | 46.0Y ------ | ------ 0.04| 0.72| 0.35] ----- 0.01

B-carotene was obtained as a secretion of the algich is present in large amounts in Quaron Lakéewa
Fayoum, Egypt. The molecular formula of this matkis presented in Fig. 1. The electrochemical self a
three-electrode all-glass cell, with a large ar&imum counter electrode and saturated calomek,SC
reference electrode. Before each experiment, thwking electrode was polished mechanically usingceasive
grades emery papers down to 2000 grit. The eleetras washed thoroughly with distilled water, and
transferred quickly to the cell. The electrocherhiteeasurements were carried out in a stagnantralbtu
aerated neutral 3.5 mass% NaCl solution contaiippm $in absences or presence of the inhibitor. Polacdaat
measurements and electrochemical impedance spegpiosinvestigations, EIS, were performed using a
Voltalab PGZ 100 All-in-on€' potentiostat/galvanostat. The potentials were suszd against and referred to the
standard potential of the SCE(0.245 V vs. the sathdhydrogen electrode, SHE). The total impedadcend
phase shiftg, were recorded in the frequency domain 0.1418. The superimposed ac-signal was 10 mV peak
to peak amplitude. The surface morphology and tmstituent elements of the surface film were ingeséd by
SEM/EDAX (model ISPECT S 2006, FEI Company, HollanBlach experiment was carried out at least
twice and details of experimental procedures aréeasribed elsewhere[25,26].The extractiofi-afrotene from

a culture of the alga Dunaliella Salina was madegu80vol% acetone and details of the extractiamcess are
presented previously [27].

Fig. 1: Chemical structure @ carotene

3. Results and discussion
3.1. Polarization measurements

The potentiodynamic polarization measurements eftlinee alloys under investigation were carried out
in stagnant naturally aerated neutral 3.5 mass @ Nalutions containing 2 ppnT'&t a scan rate of 5 mV*and
25°C in absence and presence of 50 pprfi-ofirotene. Fig. 2 presents a comparison betweethtbe different
alloys in chloride solutions containing sulfide stiows clearly that the increase of the Ni contitts the
corrosion potential towards more positive valued ahthe same time decreases the corrosion culleaTsity.
Fig. 3 is typical presentation to show the effecfacarotene on the polarization curve of Cu-10AI-1@Noy.
The other two alloys show the same trend.
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Fig. 2:Potentiodynamic polarization curves for Cu-Al-5N+),Cu-Al-10Ni (---) and Cu-Al-45Ni (...) alloys in a
stagnant naturally aerated 3.5 % NaCl solutionaiairig 2 ppm $ at 25-C.
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Fig. 3: Potentiodynamic polarization curves for Cu-10Al-1@Woy in a staghant naturally aerated neutral 3.5
% NaCl solution containing 2 ppnt'$n absence-) and presence (-----) of 50 pppaCarotene at 25C and
scan rate of 5 mV'§

The corrosion parameters calculated from th#erdnt polarization curves i.e. the corrosion
potential,E,, the corrosion current density,,, the anodic[3, and cathodic}.. Tafel slopes of the three alloys
are presented in Table 2 for carotene free andeTabibr carotene containing solutions. The genanal clear
trend is that.,, decreases remarkably in the presendé cdrotene.

Table 2: Polarization parameters of the different Cu-Alalloys after electrode immersion in stagnant
naturally aerated neutral 3.5 % NaCl containimpéh S at 25°C.

Alloys Ecorr/ MV icorr /MA CmM2 R/mvV R./mV
Cu-10AI-5Ni -700 144.3 251 -65.0
Cu-10AI-10Ni -634 100.5 209 -60.8
Cu-10AI-45Ni -670 61.8 115 -78.6

The decrease in the corrosion rate by increasiag\ihcontent was attributed to the incorporatiorNof
ions in the mobile vacancies of the ,Oufilm decreasing the possibility of Cu dissolutifsam the alloy surface
[22].

Table 3: Polarization parameters of the different Cu-Aldllbys after electrode immersion in stagnant ndifura
aerated neutral 3.5 % NaCl containing 2 ppnargl 50 ppm R-Carotene at Za

Alloys Ecorn/ MV icorr JMUA CM2 B,/ mV 3. /mV n%
Cu-10AI-5Ni -765 5.9 475 -18.8 95.9
Cu-10AI-10Ni -725 3.1 94.6 -85.1 97.4
Cu-10AI-45Ni -647 1.0 53.3 -46.4 98.2

Fig. 4 shows the collective polarization curvegstsf three alloys under the same conditions, wheze t
effect of both the Ni content afidcarotene is clear. The presence of 3-caroterteeielectrolyte does not
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change the general features of the polarizatiomesubut remarkably decreases the corrosion cudemsity i.e.
the corrosion rate.

2
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Fig. 4: Potentiodynamic polarization curves for Cu-10Al#§—), Cu-10AI-10Ni (----) and Cu-10AI-45Ni
(cevn. ) alloys in a stagnant naturally aerated neud:&l % NaCl solution containing 2 ppni” 8nd 50 ppnp-
Carotene solution at 2& and scan rate of 5 mV's
This means that the inhibitor molecules do notafthe mechanism of the corrosion process but dserboth
the cathodic and anodic current densities, whicamadhat 3-carotene acts as a mixed inhibitor. Sidpeificant
decrease of the corrosion rate by the small additib3-carotene (50 ppm) indicates clearly thatait act as
excellent inhibitor for Cu-Al-Ni alloys regardless$ the Ni content. The inhibition corrosion effiaey, n, was
also calculated from the values of the measurerkntidensities in absence of inhibitag,,i and in its presence
I, icorr, inn,@ccording to [24]:
n= [icorr - icorr(inh)] fi corX 100 (1)

The calculated values are included in Table 3 amdiien the strong corrosion inhibition charactefis€arotene.
3.2. Electrochemical impedance spectroscopic inyasbns, EIS

EIS is a powerful tool for measuring corrosion satespecially for coatings, passive films and ausdr
layers. An important advantage of this techniquéhes use ofa small ac signal without significantly
disturbing the electrode surface morphology orgheperties being recorded. Also, it is possibleitaulate the
experimental impedance results to pure electrorodets that can verify or role out mechanistic medahd
enable the calculation of numerical values corredpmy to the physical and/or chemical propertieghef
electrochemical system [22, 28-30].
The impedance data of the different alloys recordédrlh of electrode immersion in stagnant, ndiyra
aerated neutral 3.5 mass %NacCl sulfide free, 3.8srfa NaCl containing 2 ppnf Sons and 3.5 % NacCl
containing 2 ppm Sions and 50 ppm R-carotene solutions for Cu-108WNidalloy are presented as Bode plots in
Fig. 5. The Bode plots of the other two alloys shemilar trend. The presented Bode plots show mansingle
phase maximum, especially at higher Ni contentEaj. 5). Also, the increase of the phase angle and
broadening of the phase maximum as the Ni contareases indicates a decrease in the corrosiorofdte
alloys, which appears clearly in the presence obteme with the different Ni contents [19, 28]. fear
comparison of the effects of'Sons and carotene on Cu-Al10-Ni45 is presenteth@nNyquist presentation of
Fig.6. The other two alloys show the same behavior.
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Fig. 5: Bode plots of Cu-10AI-45Ni alloy after 1 h immergiin stagnant naturally aerated 3.5% Naii«),
3.5% NaCl containing 2 ppnf&o0) and 3.5% NaCl containing 2 ppmi 8nd 50 ppm of-carotene A A A)
solutions at 25C.
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Fig. 6: Nyqusit plots of Cu-10AI-45Ni alloys after 1 h imns@n in stagnant naturally aerated 3.5% NaCl
(mmm), 3.5% NaCl containing 2 ppnt$ooo) and 3.5% NaCl containing 2 ppri@d 50 ppm of-carotene
(A A A) solutions at 25C.
Fig. 6(inset): Equivalent circuit model used for impedance dattin§. R= solution resistance, R= charge
transfer resistance 4G double layer capacitance.

The main features of the Nyquist plot are the preseof a depressed capacitive loop at intermediiatpiencies
and a single semicircle. This behavior is attrildute a single time constant comprising relaxatiffieats due to
adsorption phenomena and indicates that the comqgsiocess is under charge transfer control [2284The
semicircle at high frequency is generally, asseciavith the relaxation of the double layer capadtand the
diameter of this semicircle represents the chargresfer resistance [31, 32].
The impedance data were analyzed using softwareided with the impedance system where the dispersio
formula (Eq. 2) was used. For a simple equivalerdu@ model consisting of a parallel combinatiohao
capacitor,Cy, and a resistoRR,, in series with a resistoR,, representing the solution resistance, the eldetro
impedance, Z, is represented by the mathematicaluiation:

Z =R+ [R/ {1+ (2nfR.Ca)}] 2)
wherea denotes an empirical parameter (@ < 1) andf is the frequency in Hz. This formula takes intc@mt
the deviation from the ideal RC-behavior terms of a distribution of time constantsedto surface
inhomogeneity, roughness effects, and adsorpti@npimena [33, 34]. The experimental impedance data w
fitted to theoretical data according to the simgdgiivalent circuit model shown in Fig. 6 (insef)he procedure
of data fitting was carried out for the experiméritapedance data obtained for all investigatedyallafter 1h
immersion in stagnant naturally aerated neutralBass % NaCl solutions free and containing 2 pgrang
presented in Table 4. The equivalent circuit patanseafter the addition of 50 ppfacarotene under the same
conditions are presented in Table 5.

Table 4: Equivalent circuit parameters for Cu-Al-Ni allogfter 1h of immersion in 3.5% NaClsolution with and
without sulphide ions at 2%.
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ATloys R7Q R/KQ cnt Col {IF et a
Cu-Al-oNI 1.5 1.5 450.6 0.99
3.5% NaCl Ct-A-1ON -7 167 4777 8-99
Cu-Al-45NI 0.95 4.05 10.34 0.99
3.9% NaCl + Cu-Al-oNi 3.9 0.44 1140 0.99
2ppm S Cu-Al-10NiI 3.3 0.91 705.8 1.00
Cu-Al-45NI 1.1 1.04 161.2 0.99

Table 5: Equivalent circuit parameters for Cu-Al-Ni allogfter 1h of electrode immersion in 3.5% NacCl + 2
ppm S solution in presence @tcarotene at 25C.

Alloys RJ/Q R./kQ cnt Cal HFcny a %
Cu-Al-5Ni 12.6 13.5 38.1 1.0 96.7
Cu-Al-10Ni 13.3 15.6 28.4 1.0 96.2
Cu-Al-45Ni 5.6 21.9 23.9 0.99 95.8

The value ofR; decreases in presence of sulfide ions but inceeasehe Ni content increases. The recorded
high corrosion resistance values at higher Ni auntan be attributed to the formation of a unifqrassive layer
on the alloy surface that is related to the compiestallurgical structure of alloys of Ni contenghéer than 30%
[10]. The calculated value ef is approximately 1, which means that the bar@gel is behaving like an ideal
capacitor [19, 34]. The presence [Btarotene in the solution increases the chargesfeamesistance up to 20
times for the high Ni content alloy i.e. from 1.6%21.9 KQ cn?. At the same time the value of,@ecreases
remarkably in the presence of the inhibitor molesu{from 161.2 to 23.9 uF¢hfor the same alloy), which
means that the thickness of the double layer wareésed due to the adsorption of the inhibitor malkes [22,
23]. The calculated inhibition efficiency exceed®® which means thgd-carotene is an effective inhibitor for
the corrosion of the Cu-Al-Ni alloys and at the gatime it does not change the corrosion mechanidmse
results are consistent with those of the polazagxperiments.
3.3. SEM and EDAX analysis

The surface of the different investigated alloyteialh immersion in stagnant naturally aerated na¢ut
3.5% NaCl solutions containing 2 ppmi 8ee and containing 50 ppficarotene was investigated by SEM and
EDAX. The results show that the presence of sulfaies leads to the formation of corrosion pattemsjnly
localized, and flawed regions which are very reraht& in the low Ni content alloys. EDAX analysiglicates
the presence of small S and O peaks beside th&lQGu and Ni peaks, which implies that the sulfides are
also adsorbed on the alloy surface like the chéorighs [21, 30]. The presence of S and O peakslezato the
acceptance that G8 may be produced, as previously reported [35]. dtidition of3-carotene repairs the
corrosion spots and flawed regions and the surfacgphology becomes smooth. Fig. 7 presents the SEM
images of the high Ni content alloy after long inrtsien in the sulfide containing chloride solutiof) (and in
the presence of carotene (B).

A

B

Fig. 7A: SEM images of Cu-10AI-45Ni alloy after 1h immiens in stagnant naturally aerated neutral 3.5% NaCl
solution containing 2 ppm?Sat 25<C.

Fig. 7B: Scanning electron micrograph of Cu-10Al-45Ni allfyer 1 h immersion in stagnant naturally aerated
neutral 3.5% NaCl solution containing 2 ppfa®d 50 ppnp-carotene at 25C.

Although the presence of high Ni content decredkescorrosion rate, it is clear that the surface ha
corrosion spots and flawed regions, which are nmohne remarkable in the low Ni content alloys. TH2AX
analysis of the surface after immersion in sulfid@taining solutions is presented in Fig. 8, whibee different
peaks are clearly recorded. The presendgadrotene in the solution, for the same time of ension, leads to a
smooth surface in which no corrosion patterns earebognized (cf. Fig. 8).
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Fig. 8 EDAX analysis of Cu-10Al-45Ni alloy after 1 h imarsion in stagnant naturally aerated neutral 3.5%
NaCl solution containing 2 ppnf St 25-C.

4. General discussion
Generally, the corrosion behavior of the Cu-Al-MNbgs is based on the common system of oxidation
resistant materials, where Al has greater affinityards oxygen than Cu. Under standard conditidp®Ais
almost eleven times more stable than@uelative to their metals in the zero oxidatioatst[8]. For Cu-10%Al
alloys, thermal oxidation is based on a rapid ahigiroduction of CyOthen formation of AlO; at the alloy/oxide
interface due to the depletion of Cu [33]. In nausolutions, alumina forms as a protective oxidecl is highly
impermeable to the passage of Quions which can no longer enter the outermogetaThe higher
the aluminum content of the alloy, the greaterdbeosion resistance due to the protectivgOaffilm since the
limiting mole fraction is achieved over a shorte@pesure time and is maintained at lower copperaofiigion
rates [35]. Keeping the Al% constant and changirggratio of Ni, enrichment of Ni to the metallicriace takes
place .Ni is more active than Cu in nucleophiliaaton; it should preferentially dissolve:
Ni— Ni** +2¢ (3)
From the reduction of dissolved oxygen, Qdhs are released according to:
0, + 2H,0 + 46— 40H (4)
2 N| + GOH—>3H20 +Ni203+ Gé (5)
Ni will passivate the alloy surface [35]. The passfilm is a dense oxide film, preventing the exufa of
materials on both sides. In Ni-rich alloys, thepéircent on the surface is much higher than theNowontent
alloys, and hence higher corrosion resistance dpper alloy could be expected. Thus, the initiafaze of the
alloy is free of CyO and it is covered with a thin )@, and ALO; film [36, 37]. In this case, Cu will be involved
in nucleophilic reactions and reacts with Gtad Cl. The corrosion products can then be CuCl, Caali CyO.
The possible reactions [37] of copper alloys are:
2 Cu + 20H- Cu,0 + H,0 + 2¢(6)
Cu+Cl—>CuCl+e (7)
Reaction (7) followed by the formation of Cu (l)naplex
CuCl + Cl— CuCl. (8)
ClI' loses electrons easier than Qidder the same conditions; therefore GusCeasily formed and goes into the
solution. So during the first minutes of immersi@u oxidizes to Cu(l) and nickel will enrich at thkboy surface.
The dissolution of Cu(l)species as CuCtlecreases the Gioncentration at the interface leading to the
formation of CuCl which hydrolysis to GD [10]. That is why the Cu (I) was detected in mBBXAX spectra.
Due to the defective structure of fQubeing a p-type semiconductor, it can be furthediae to Cu (llI) species
[6, 14].
Cu,0 + 3/2Q+ 2CI + 4H,0 — 2Cu (OH)CI + 20H (9)
Passivity in chloride solutions is established by tormation of an oxide film consisting of an autgyer of Cu
(1) hydroxy-chloride, Cu(OH)CI, overlaying a compact inner layer of Quand impurity oxide [9]. The
corrosion product film that consists of Cu(Q@l) andCyO, is fragile and easy rupture. After alloy immersi
the surface may crack since some zones mainly ceetbof impurity oxide, which has been evidence®&EMm
analysis as a result of partial dissolution of aapprhis is in agreement with a growth mechaniswolving
selective copper dissolution.
In sulfide containing solution, the*3ons will damage the passivation layer. The nughglic attack of Sis
stronger than Cland so it will be the main nucleophilic factordawill attack the active regions of the alloy
forming CuyS, which is the most possible corrosion produstiliide polluted sea water [14].
2Cu+93% - CuS (10)
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Because of the formation of Cu(l) sulfide whichrisoluble in water, the surface film becomes fragihd poorly
protective, and hence the process of corrosiorcéglarated. The presence Btarotene in the solution
suppresses the corrosion process by blocking ttieeacorrosion centers and flawed or fragile regidry the
adsorption of its molecules on the alloy surfacevas clearly presented by the polarization, impedaand
SEM results. The effect of the inhibitor is vergat on the recorded values of the charge transféstance, R
and also the double layer capacitancg,d3 presented in tables 4 and 5.
The double layer capacitance was calculated usind E[38]:

Cdl = (27[ fmacht)»1 (11)
wheref,, is the frequency value at which the imaginary comant (Z') of impedance is maximum [28]. The
increase of Rvalues is ascribed to the adsorptioredarotene, which displaces water molecules or ahgro
anions originally adsorbed on the alloy surfaceus;ha protective film is formed, which impedes tharge-
transfer across the metal/solution interface anttbdhe corrosion process is suppressed On the lodinel, the
decrease in the value of,Could be related to a decrease in the local digteconstant and/or an increase in the
thickness of the electrical double layer [19]. ®irtbe value of (R.) is directly proportional to the corrosion
rate, the inhibition efficiencyn(%) of B-carotene can be calculated frd® values obtained from impedance
data using the following equation [28].

M %= [1-(R/R°)] (12)

where R; and R, are the charge-transfer values calculated in psand in absence of the inhibitor,
respectively. At a low concentration of 50 ppmpedarotene, the three investigated alloys show higberosion
resistance, especially Cu-Al-45Ni alloy. Either th&larization curves or the impedance diagramsndidshow
remarkable changes in the general trend after didéitian of the inhibitor, which emphasizes that, ¢fange in
the corrosion mechanism occurs due to the inhilsittfition.

4. Conclusions
The corrosion resistance of the Cu-10Al-xNi alloythe chloride solutions polluted with sulfide ions

increases with the increase of the Ni content. fiilga Ni content leads to the enrichment of the acafwith Ni,
which decreases the vacancies in the Cu (l) oxidklence increases the alloy corrosion resistarice.
presence of sulfide ions in the chloride soluti@tmeases the corrosion resistance of the Cu-AlHNys The
addition of small concentration @fcarotene was found to decrease the rate of comadithe Cu-Al-Ni alloys in
the chloride solutions containing sulfide ions. drrosion inhibition efficiency of 95-99%at a contetion of 50
ppm of carotene was recorded.
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