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Abstract

This work has investigated the effect of additidrthe Be alkaline earth metal on the
dissolution behaviour of the Al-Zn alloy anode. fosion experiments were mounted to
determine the optimal effect of an alkaline eartbtah on the efficiencies of the
aluminium alloy anodes. The corroded and unexpssaaple surfaces were subject to
microstructural characterization by using scannelgctron microscopy and X-ray
diffraction techniques. Al-Zn alloy doped with 1-5%%y weight of beryllium was
prepared to determine the effect on the anodei&fity in chloride environment. The
different microstructure of the evolved Al-Zn allayas correlated with the anode
efficiencies. The obtained results showed thatathede efficiency of the Al-Zn alloy
increased with the beryllium incorporation concatitn. Al-Zn-Be-3% exhibits the
better performance in terms of anode efficiencye Thicrostructure of the Al-Zn-Be
alloy revealed increased distribution of beryllighobules and a breakdown of passive
alumina film network on the anode surfaces, thysrawing the anode efficiency.

Keywords: corrosion; sacrificial anode; aluminium alloy; alike earth metal,
efficiency and microstructures.

Introduction

Corrosion is the deterioration of materials with @vironment, and it can be
mitigated by various techniques. Cathodic protectsoone of the techniques that
are mainly employed in industries and marine emvirents to control corrosion.
Cathodic protection is greatly employed to protgtpipelines, marine and some
industrial structures. In this system, particulagégrificial anode system, electric
current is applied by using dissimilar metals while driving voltage created by
the potential generation between the two metalanrelectrolyte system. The
electrochemical behaviour of sacrificial anode malg is of vital importance for
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the reliability and efficiency of cathodic protemwti systems (Joan Genesca et al.,
2000).

Generally, metals such as aluminium, zinc and msigne are employed as
anode materials in sacrificial cathodic protecsystems. The limitation of usage
of magnesium based alloy systems is their low iefficy, which gives rise to
loss of substantial parts of the required curreapacity. It is affirmed that
aluminium is the most preferred sacrificial anode dontrolling and preventing
corrosion in marine environments. Aluminium ano@es also favoured over
zinc anodes for the cathodic protection of offshetrectures, especially in deep
water exploration, because they are lighter ansl éepensive. Evaluation of the
performance of aluminium anodes is necessary teaelhe most cost-effective
sacrificial cathodic protection design. The usedsk of pure aluminium as an
anode material in seawater is significantly reduahte to the formation of a
protective oxide film, which limits both its curreand potential output. In order
to improve the efficiency of aluminium anodes, thag typically alloyed with
other elements to encourage depassivation (breakadwhe oxide film) and/or
shift the operating potential of the metal to a enelectronegative direction. The
alloying elements used to accomplish this are referas depassivators and
modifiers. Modifiers that have been used in pracimclude zinc, magnesium,
barium, and cadmium. Also, the depassivators conynased are indium,
mercury, tin and rarely gallium, titanium and thath. However, these metals are
highly toxic in marine environment. Hence, the rhatadifier used should
possess eco-friendly as well as good activatioraformproved performance as
sacrificial anodes.

Most of the efforts in this field were carried ousing aluminium rich zinc
sacrificial anodes, and the concentration of zim@luminium alloy sacrificial
anodes has been optimized to 5 wt%, due to higmawgment in metallurgical
and electrochemical properties of the alloy throdlga formation off3-phase
(Lyublinskii, 1973). The addition of alloying elemis like tin and indium shifts
the potential of the anode in the negative direct@md helps in keeping the
anode activgReboul et al., 1982). Modification of Al + 5%Zn @ anode is
essential, due to non-columbic loss and low gatvafiiciency (Li et al., 2005).
The base alloy chosen for the present work is B¥#Zn, which has been proved
to be the most suitable and efficient materialdathodic protection application
(Shibli et al., 2005). Considering Al-Zn binary 8%, zinc is concentrated in
interdentritic or grain boundaries, and severabties have been proposed to
explain the influence of zinc on the activatiortlod dissolution of Al in chloride
agueous environmefanoz et al., 2001). 5% Zn is the optimized conGeitn
as a second major element with aluminum for thelyel@veloped aluminum
alloy used in the cathodic protection applicationsaline water environment
(Lyublinskii, 1973; Haijing et al., 2013; Shibli at., 2004; Jingling et al., 2009;
Khireche et al., 2014).

Extensive studies on the surface modification ofablbys by binary or ternary
systems have been reported (Mohammad et al., Zta;et al., 2006; Gudic et
al., 2010; Alvarez et al., 2005; Jiuba et al., BOMathiyarasu et al., 2001).
Hence, the uniform and homogeneous distributiontbér metals on aluminium
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alloy effectively suppresses the formation of pasgil.Os on the Al alloy anode
systems, which in turn activates the anode i.tyialg of the third metal on the
aluminium-zinc alloy.

To the best of our knowledge, the effects of thditawh of an alkaline earth
metal, particularly beryllium, have not been stddies a modifier in Al-Zn binary
base alloy. Herein, we have made an attempt tostigage the dissolution
behaviour of Al-Zn-Be ternary alloy, and resulte abnmpared with Al-Zn binary
base alloy. In particular, the influence of thediidn of beryllium on the
electrochemical behaviour of the binary alloy (Al)Zand the obtained results
are discussed.

Experimental details

Alloy electrode preparation

Al-Zn—-Be based ternary alloy electrodes were pepary alloy casting method
and the compositions in terms of wt.% are givenTable 1. Commercially
available pure aluminium (99.99% NALCO), zinc (9#) and beryllium
(99.9%) received from Otto Chemie Ltd. were the raaterials used for casting
the alloy anode. The materials were cut into pieeesghed and melted in a
graphite crucible in an automated vacuum furnackeuargon atmosphere at 650
°C. The mixture was gently stirred using a carbantb obtain a homogeneous
mixture, as well as heat dissipation. The moltéoyalvas poured in a preheated
cast iron die of 300 x 10 mm, and allowed to cochir. The obtained Al-Zn—-Be
ternary alloy, in the form of rod of 1 cm diamexetO cm long, is employed for
evaluation studies after machining. Actual compaosiof the casted alloy was
determined by Atomic Absorption Spectrometer (iGkefimo Scientific), and is
given in Table 1.

Table 1. Composition of Al-Zn-Be alloy in wt. % determinedsing Atomic
Absorption Spectrometer (iCE Thermo Scientific).

Composition Al Zn Be Fe Cu Si Sn
1 1 1 1 1 1 1 1 1

Al 95% -Zn 5%  Remainder 4,763  ---—--- 0.215 0.212 0.143 0.124
Al-Zn-Be 1% Remainder 4.647 0.964 0.195 0.187 0.253 0.109
Al-Zn-Be 2% Remainder 4,322 1.864 0.183 0.196 0.271 0.186
Al-Zn-Be 3% Remainder 4.821 2.653 0.162 0.147 0.223 0.144
Al-Zn-Be 4% Remainder 4.214 3.441 0.172 0.163 0.196 0.172
Al-Zn-Be 5% Remainder 4.976 4.306 0.131 p.1& 0.214 0.115

Physico-chemical evaluation

The Al-Zn—Be ternary alloy of varying amounts ofydkum was polished using
different grades of emery paper, and cleaned wililted NaOH, followed by
rinsing with distilled water. The microscopic sttwi@s such as grain size, grain
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boundaries and morphology of the Al-Zn—Be alloy deswere characterized
using a scanning electron microscope (Hitachi-mo@&BOOON). X-ray
diffraction (XRD) (PAnalytical, XPert Pro using Higscore Plus software) study
was carried out to characterize the phase struatithe prepared Al-Zn—Be
alloy.

Electrochemical characterization

Determination of galvanic efficiency

Al-Zn-Be alloy of varying beryllium content was dsas anode (10 i and
mild-steel was used as cathode (surface area 16} Gimese electrodes are
immersed in aerated 3% NaCl solution at 28 ¥C2for a period of 96 hours
under static condition as per DNV standard (DetsderVeritas Industry (Hovik,
1993). Different current densities were employadk5, 0.4, 4.0, 1.5 mA/cin
and after immersion, these specimens were cleasied a hot mixture of 20 g
potassium dichromate and 50 mL phosphoric acid lite water at 70 to 80C
for 10 minutes.

Electrochemical efficiency (Ah/kgk = (C x 1000)/Aw (1)
where C is the total current impressed in Ah Andis the weight loss in g.

Polarization studies

Potentiodynamic polarization studies were carriedl ia 3.0% NaCl solution
under aerated condition. A saturated calomel eldet(SCE), Pt foil and Al-Zn-
Be alloy having 2 crhand 1 criexposure area were used as reference, counter
and working electrodes, respectively. In order ttia equilibrium, a time
interval of 30—-45 min was maintained, and the ogietuit potential (OCP) was
measured before performing the potentiodynamic rgalion studies. Both
anodic and cathodic polarization curves were paidghamically recorded
using potentiostat / galvanostat (ACM instrumenK)UThe corrosion kinetic
parameters such asol, Ecor, ba (anodic Tafel slope) and bc (cathodic Tafel
slope) were measured using the built-in softwar€NAinbuilt software). The
following experimental conditions are maintainedvesp rate 1 mV.set
potential range —200 mV to +200 mV from OCP; antbastant temperature of
28 £ 2 °C.

Self-corrosion test

Al-Zn-Be alloy was immersed in 3% NaCl solution Boiperiod of 15 days. The
electrolyte was maintained under static conditib& £ 2°C. After exposure,
the anodes were cleaned using potassium dichromptesphoric acid mixture
at 70 to 80°C for 10 minutes. The anodes were rinsed in dastillvater, dried
and then weighed. The difference in weight before after immersion was used
to calculate the self-corrosion.

Weight loss (g cmih?)
Corrosiorate = (2)
Surface area x time
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Average corrosion rate (mmpy) of Al alloy anode wakulated as

Corrosion rate 87.6 x 10x W)/ (A x T x D) (3)
where, T is time of exposure in hours, A is theadrecnt, W is the mass loss in
g, and D is the density in g/ém

Study of OCP and CCP variation

While observing the open circuit potential (OCP)e tpotential difference
between the Al-Zn-Be alloy samples, with respecstamdard calomel electrode
(SCE), was continuously monitored for a period 6f days, immersed in 3%
NaCl maintained at 28 +Z. The closed circuit potential (CCP) of the alogs
monitored after coupling with mild steel cathodesying the surface area in the
ratio of 1:10. The current density generated atatiede surface was maintained
constant during CCV measurements using a controlladable resistance
(NACE, 1998).

Study of electrochemical impedance

Electrochemical impedance spectroscopy (EIS) wasieda out using an
electrochemical analyzer (ACM instrument, UK). eTblectrolyte used was
3.0% NacCl, and SCE, Pt foil, and the Al-Zn-Be allryode having 2 chand 1
cn? surface area were used as reference, counter amking electrodes,
respectively. The impedance analysis was carri¢cithne frequency range of 1
MHz to 0.1 Hz, with reference to OCP. Corrosionrent (kor), corrosion rate,
solution resistance @R charge transfer resistance «ffRand double layer
capacitance valuess@vere calculated from the impedance analysis.

Results and discussion

Alloying characteristics of the anode

Fig. 1 shows that the SEM micrograph of the bakey dAl+5%2Zn) exhibited
concrete like morphology with minimum amount of @arFrom this texture it is
very difficult to understand the clear precipitatior segregation of Al+5%Zn
alloy matrix, which is uniformly distributed throbgut the constituent. This
observation revealed that the homogeneity of thee ladloy is the same as it
could also be seen at higher magnifications. Filg-f shows the micrograph of
the beryllium incorporated Al+5%Zn alloy matrix. \&tn beryllium is introduced
in the alloy matrix the porosity of this one incsea. Further, diffused boundaries
and parts of it containing regions of bright préaie are also observed. It is
projected that beryllium addition leads to interdigiic boundaries, since it is the
most insoluble metal in the Al-Zn alloy, and thisegipitate is uniformly
scattered along the entire matrix. Further, additxd beryllium with varying
content leads to flaky/plate like structures thatyrtead to a uniform dissolution
of the alloy matrix.

Further, the crystal structural properties of themanium-zinc anode materials
with varying beryllium addition were characterizadd confirmed by using X-
ray diffraction measurement.
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Figure 2. XRD patterns of aluminium-zinc-beryllium alloy ahes.

However, after the addition of Be into the Al and Ease alloy, major peaks of
Al and Zn are slightly shifted, which strongly siges the formation of
intermetallic compounds.

Evaluation of galvanic performance

The CCP of Al+5%Zn alloy anode with varying amoohtddition of beryllium
were compared in Table 2. An active CCP is desafihce a relatively noble
potential could indicate the presence of passimafitne Al+5%2Zn alloy anodes
with 3% beryllium incorporation showed a more calicoCCP value of -1.014
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V. Anodes must also possess high galvanic effigiemcorder to avoid frequent
anode replacement. Duplicate experiments were atedu and the average
efficiency of 1, 2, 3, 4 and 5% addition of benyth were observed as 50.96%,
68.0%, 75.57%, 78.30% and 90.19%, respectively] #re efficiency of
Al+5%Zn anode was 58.42%. Thus, the galvanic perémrce of anodes was
much improved with the incorporation of beryllium the alloy matrix. The
overall galvanic performances of the beryllium irpwrated anodes are
compared in Table.at is clear that lower self-corrosion values weteserved
for 2% of beryllium incorporation. The reduction self-corrosion values of the
anodes could be attributed to the reduction innglba@undary corrosion. Thus, the
beryllium offers better reinforcement to the Al+5%alloy matrix, causing a
very low dissolution during long-term exposure.

Table 2. The galvanic performance of Al+5 wt% Zn incorpodateith beryllium
(electrolyte: 3% NaCl, temp: 28 +°€, stagnant condition).

Amount of CCP V vs. SCE at different current
beryllium OCP V densities (mA.cm) Self-corrosion Efficiency
added vs. SCE x 10%g cm? (£ 1%)
Wt% 15 0.4 4.0 15
0 0950 0963 0974 0985 0996 4771 5842
1 -0.911 -0.98( -1.02¢ -0.00¢ -1.00: 42.2: 50.9¢
2 -0.91¢ -0.95¢ -1.01¢ -1.01¢ -1.01¢ 23.52 68.0(
3 -0.95¢ -1.01¢ -0.95: -0.95: -0.95: 38.4:¢ 75.57
4 -0.96: -0.95: -1.004 -1.004 -1.00¢ 24.5: 78.3(
5 -0.971 -0.961 -0.98: -0.95( -0.96¢ 33.2¢ 90.1¢

Potentiodynamic polarization

The effect of beryllium addition on the polarizati®ehaviour of aluminium
alloy anode is shown in Fig. 3, and the correspumgiolarization parameters
derived are given in Table 3. Addition of beryllishifts the corrosion potential
to more negative values, which is a prerequisitaraide materials for cathodic
protection systems. Introduction of beryllium desed the polarization
resistance (jj and increased the corrosion potentiabrEin the negative
direction. For 5% beryllium incorporated Al allop@le, the corrosion rate and
current were found to maximum, and polarisationistaace is found to a
minimum value. Though the potential variations @oémore than few millivolts,
they can be compared, and from these results, ptienom concentration of
beryllium was revealed. The above results revetilatiaddition of 2% beryllium
imparted better anode performance.

The OCP of Be incorporated anode showed similaerg@l value with bare
anode. The initial OCP value of Al+5%Zn anode wasfd to -0.959 V. After 2
days immersion, the potential shifts to more anailiection. The OCP values of
4% and 5% beryllium incorporated anodes resulted steady state behavior.
Conversely, with time, the OCP values slowly shifte a more cathodic region.
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Therefore, OCP cannot be considered as a solerfdetermining the anodic
performance. On the contrary, the CCP value exddbd steady performance
throughout the test period at different impresseorent densities, which
indicates that beryllium acts as a good moderatat does not hinder the
polarization behavior of the base alloy. From Bigit is observed that there is no
remarkable change in the potentiodynamic polanmatbehaviour, however,
addition of beryllium shifts the corrosion potehtawards cathodic direction. In
the case of Al+5%Zn alloy, passivation behaviouswéserved in the anodic
slope region at a current value of 1 mAtm With 5% beryllium addition, the
passivation shifted to a potential value of -960;mNth 4% beryllium addition,
it completely disappears at the anodic region.dnegal, the added beryllium in
all compositions shifts corrosion potential towamsmore cathodic potential,
compared to the base Al+5%2Zn alloy.

-850
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Lo}
1

(Al-Zn-0%Be)
(Al-Zn-1%Be) —
(Al-Zn-2%Be)
(Al-Zn-3%Be)
(Al-Zn-4%Be) _|
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Potential (mV)

-1050
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107 10° 10° 10" 10" 10
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Figure 3. Polarization behavior of different composition @rjlium incorporated with
Al+5%2Zn alloy.

Electrochemical impedance spectroscopy (EI'S) measurements

AC impedance studies were carried out to obtairormation about the
electrochemical and physico-chemical phenomenaceded with the electrode
reactions during galvanic dissolution process.

Table 3. Potentiodynamic polarization parameters for diffiikrecompositions of
beryllium incorporated with Al+5%2Zn alloy.

% of Ecorr lcorr (A.CNT2) ba bc Rp Corr. Rate
Beryllium V) x 103 (mV/dec?h) (mV/ dec?) (X cn?) MPY
0 -0.914 0. 7868 30 91 783.2 0. 0856
1 -0.92: 0. 311¢ 21 11t 756.¢ 0.0339!
2 -0.96¢ 0. 443. 21 11C 182.2 0.0482
3 -0.93¢ 0. 561( 29 97 228.€ 0.0611(
4 -0.94: 0. 228! 31 92 436.¢ 0.024¢
5 -0.951 0. 801: 25 72 335.: 0.087:

The EIS plots of aluminium alloy anodes incorpodateth different amounts of
beryllium are shown in Fig. 4. The impedance gjpeot all the anodes studied
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in the present work have a centre that lies underreal axis, which is the
characteristic behaviour of Al-Zn alloys undergoingniform galvanic
dissolution (Noguchi et al., 1998).

s000fF T T T T L 10
{Al-Zn-0%Be)
(Al-Zn-1%Be)
(AL-Zn-2%Be)
(Al-Zn-3%EBe)
(Al-Zn-4%8e)
(Al-Zn-5%Be)
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3000

cmi®)

= 2000

(ohm

" 1000
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1 1 1
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L

0 2500 5000 7500 10000 12500 -

2! (ohm.om?) 10" 10" 107 10
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Figure 4. (A) Nyquist and (B) Bode plots for Al-5% Zn alleyith Be.

The high frequency plot associated with the chargesfer process and the low
frequency plot corresponds to mass transfer proddss semicircle at the high
frequency was found to have similar behaviour, pitesof the variation in the
beryllium content. The semicircle can be attributedhe formation of Zn (OH)
and Al (OH} layers on the anode surface, due to the oxidatiain and Al. The
depression and pseudo inductive behaviour of thecaeles can be attributed to
active dissolution (Barbucci et al., 1998). Depeelssemicircle shape of the
complex impedance plane is due to the inhomogerditthe anode surface
(Ramlet et al.,, 1990). The experimental data cardéscribed using a simple
equivalent circuit, and in this circuitsBs the solution resistance,p Rs the
polarization resistance, and A is the constant @halement (CPE) that is
introduced for better data fitting instead of araticapacitance parameter. The
impedance expression of CPE is defined as

Zcre= [A(wW) " (4)

where A and n are frequency independent fit pararsgj = (-13? and w = ZIf,
the frequency. Depending on the values of n, thE €&h represent resistance (n
= 0 and A = R), capacitance (n = 1, A = C), indace&a(n = -1, A = L) and
Warburg impedance (n = 0.5 and A = W). CPE is eeldb some inhomogeneity
on the surface of the anodes. From the impedaralgsas, the total polarization
resistance (F} was a measure that constitutes the main pragarameter useful
for the understanding of the anode dissolution .rafée “double layer
capacitance” in real cells often behaves like a GiEead of like a capacitor.
Several theories have been proposed to accourthéonon-ideal behaviour of
the double layer, but none has been universallg@ed. In most cases, ‘n’ is
treated as an empirical constant, and this doeban@ much physical basis. It is
possible to study by EIS the behaviour of the oXithe on the anode surface,
when it is exposed to an electrolyte, Ralue is an indication of effective
interaction between the oxide film and the substrathich lowers the surface
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resistance, a requisite to sacrificial anodes (fak et al., 2002). Duplicate
experiments were conducted, and the average vahees compared. ThepR
value of beryllium incorporated alloys are in thidar of 3% < 4% < 1% <2 % <
5% (Table 4).

Table 4. Data derived from the impedance plot for berylliumsorporated Al-Zn5%
alloy anode.

%”of I mpedance parameter s
Beryllium
Rs Ret Cal Ro CPE N
(kQ. cn?) (Qcn?) (Qcn?) (Qcn?) (Fcn?) x 108

0 1.203x10 | 1.663x16 2.556x10P 80.103 1.074 1.293
1 1.034x16 1.196x16 3.705x10 80.389 1.103 1.292
2 | 1.367x16 ‘ 1.007x16 | 1. 644x16 | 80.463 ‘ 1.094 | 1.292
3 | 1.621x16 ‘ 8.993x10 | 2.909x16P | 79.330 ‘ 1.152 | 1.309
4 | 9.901x10 ‘ 1.281x10 | 1.215x16 | 79.607 ‘ 1.161 | 1.305
5 | 5.501x16 ‘ 5.16x16 | 4.870x16° | 87.215 ‘ 1.055 | 1.289

Rp value is found to be minimum for 3% beryllium imporated anodes. From
the experimental data, it is clear that a highed &wer concentration of
beryllium addition to the aluminium alloy result&d a worse behaviour, but
particle incorporation in between 3% and 5% reslitean improvement in the
performance of the anode.

Conclusions

Physico-chemical characteristics of the aluminiunioya anodes were

significantly improved by the incorporation of biitym in the anode matrix.

The reinforcement of the Al+5%Zn alloy anode wié Beryllium increased the
efficiency from 58.42 to 90.19%. The 2% berylliumcorporated anode
exhibited excellent electrochemical characteristansd this concentration was
selected as the optimized amount. The presencergllibm in the anode matrix

caused effective destruction of the passive alunfiima The destruction of

alumina film facilitated the enhancement of galeaperformance of the anode.
The moderator particles in the anode matrix efietyi reduced the passive film
on the anode surface. The anodes also have meliw cost, easy development
and moderate galvanic performance. The improvedigcof the anodes can be
used for the formation of modified anodes suitdbleuse in aggressive marine
environments.
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