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Abstract

Electrochemical corrosion inhibition of aluminunediasting alloy (A383) in #PO, has been studied using
different electrochemical techniques. The resuft®lectrochemical impedance spectroscopy (EIS) and
potentiodynamic polarization measurements confine inhibition effects of KCrO, which describe the
increase in the effectiveness of a corrosion inbikin the presence of 0.1M,&rQO4in 0.5 M HPQ,. The
results indicated that both concentration and thmeérsion time affect the inhibition efficiency (IB%
Langmuir adsorption isotherm was found to fit weith the experimental data. The obtained resuteew
confirmed by surface examination using scanningteda microscope.
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1. Introduction

Aluminum-silicon (Al-Si) alloys constitute a clasEmaterial that is being used to replace cast paris
in automobile engines. Benefits of the replacenethe car industries include resistance to coorgsivell

thermal conductivity, and moderate costs. Aluminisnused specifically to reduce weight compared to
steel, and is alloyed with silicon to increase #ieength of the material. It is well known thaticgh
solidifies in a separate hard phase, which becdheebad-bearing surface (Pereital 2007). Aluminum
(Al) die casting alloys have a specific gravity approximately 2.7 g/cc, placing them among the
lightweight structural metals. The majority of diastings produced worldwide are made from aluminium
alloys. Alloy A383 offers improved resistance totharacking (strength at elevated temperatures).
Aluminium die casting alloys are lightweight, offgood corrosion resistance, ease of casting, good
mechanical properties and dimensional stabilitythéligh a variety of aluminium alloys made from
primary or recycled metal can be die cast, mostgdess select A 383 as one of the standard alloys.
Aluminium relies on the formation of a compact, edint passive oxide film for its corrosion immuriity
various environments. However, this surface filmammphoteric and dissolves substantially when it is
exposed to high concentrations of acids or badesspghoric acid (KlPQ,) is widely used for acid cleaning
and electropolishing of aluminium (Amgt al 2009), but it still shows strong corrosivenessairminium
and its alloys. Therefore, it is necessary to deblkbitors for the corrosion of aluminium inzPQ,. An
extensive review of the literature reveals thatyuittle attention has been paid to inhibition sesion
aluminium alloy in HPO,. With respect to the inorganic inhibitors, Ccompounds act as the effective and
inexpensive corrosion inhibitors for aluminium insAD,. (Rohrig 1935) first reported that sodium
chromate (NgCrQ,) is a good corrosion inhibitor for aluminium in @0H;PQ,. In 1980s, some authors
(Mu 1989) studied the inhibition effect of potassium chrom&eCrO,;) and potassium dichromate
(K2Cr,05) on the corrosion of aluminium inzAQ, using the weight loss method. The use of inhibifior

the control of corrosion of metals and alloys whimte in contact with aggressive environment is an
accepted practice. The use of corrosion inhibisoore of the most practical methods for protecthmy
corrosion of metal. As a result, corrosion inhibstéor hydrochloric acid, phosphoric acid and stidf@acid
have attracted increasing attention due to theieraded applications ( Lashkari & Arshadi 2004). The
protection of metals against corrosion byPi)y has been the subject of much study since it has hsed

in many industrial processes especially in fegiliproduction (Benabdellahet al. 2006).
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The main aim of this research work is to studyeteztrochemical behavior of aluminum die castirigyal
(A383) in different concentrations of naturally aerd HPO, solutions and the effect of adding different
concentration of KCrO, using electrochemical techniques and surface exation.

2. Experimental

The aluminum die casting alloy (A383) rod was tdstethe present study with its cross-sectionah ake
0.785 cm. The chemical composition of the alloy, as giventite supplier, is listed in Table 1The test
agueous solutions contained 0.5MP@, (BDH) and KCrO, with different concentrations. Triple distilled
water was used for preparing all solutions. Imatlasurements, mechanically polished electrode sed. u
Polishing was affected using successively finedgraf emery papers (600-1200 grade). Polarizatiwh
electrochemical impedance spectroscopy (EIS) measemts were carried out using the electrochemical
workstation IM6e Zahner-electrik GmbH, Btechnik, Kronach, Germany. The excitation AC sighat!
amplitude of 10 mV peak to peak in a frequency danfimm 0.1 Hz to 100 kHz. The EIS was recorded
after reading a steady state open-circuit poterifia¢ scanning was carried out at a rate 30 mVrower

the potential range from —1500 to + 1000 mV vsursdéed calomel electrode (SCE). Prior to the p@en
sweep, the electrode was left under open-circuih@respective solution for ~ 2 hours until a dietiee
corrosion potential was recorded. Corrosion curdamtsity, ior, Which is equivalent to the corrosion rate,
is given by the intersection of the Tafel linesragblation. Because of the presence of a degree of
nonlinearity in the Tafel slope part of the obtairpolarization curves, the Tafel constants wereutated

as a slope of the points afteg,Eby £ 50 mV using a computer least-squares analygiswere determined

by the intersection of the cathodic Tafel line wikle open-circuit potential. For surface examingtithe
electron microscope used is JEOL-JEM-100s type miignification of 100x.

3. Resultsand discussion
3.1. Electrochemical impedance measurements
3.1.1. Effect of K,CrO, concentration

Electrochemical impedance (EIS) is a technique wsittall perturbative signal and the surface damdge o
the sample is very little. Besides, the corrosioechanism can be estimated by analyzing the measured
electrochemical impedance spectrum. Figs. 1 shbev&tS data for the A383 traced at the rest pakinti

0.5 M HPQ, solutions with and without different concentragofi0® — 10" M) of K,CrO,after 2h. The
figure manifested typical of Randles element arduative loops can be explained by the occurrence of
adsorbed intermediate on the surface. Therefoisgrhdd intermediate species such as,Aland AP s
might be involved in Al dissolution process (Benaltemh et al. 2006). The proposed equivalent circuit
manifested in Fig. 2, is used to analyze the impedapectra of A383 inJRO, solutions without and with
K,CrO,. The model includes the solution resistaRgein a series combination of two resistand@sand

R,, which are in parallel with each of inductante,capacitance, C and the constant phase element, Q
.Contribution to the total impedance at intermeglifaéquencies comes mainly from inductive component
in parallel. The inductor arise from adsorptioreet§ could be define ak € Rr) wherez is the relaxation
time for adsorption on electrode surface. The loggtfiency locus displays the characteristics oflighra
RC circuit. This circuit includes another constphise element (Q) which is placed in parallel {caRd
R..The CPE is used in this model to compensate fahomogeneity in the system and is defined by two
values,Q and o. In order to understand the physical significamteeach element of the electronic
equivalent circuit, it can be considered tRgtorresponds to the solution resistarReandR, correspond

to the polarization resistance of the surface efghmples and oxide film formations, respectivéhe C

and Q correspond to the capacitances of the experimgnédamined samples and their oxide layer
formation, respectively. The impedance of CPE jgesenting by (Rammelt & Reinhard 1990):
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Zepe=Q (i)™ 1)

wherei = (-1)*2 w is frequency in rad™$ w =2xf andf is the frequency in Hz. I& equals one, the
impedance of CPE is identical to that of a capacifg = (wC)™, and in this cas& gives a pure
capacitance(). Computer fitting of the spectrum allows evolutiof the elements of the circuit analogue.
The aim of the fitting procedure is to find thosdues of the parameters which best describe ttee dat,
the fitting model must be consistent with the ekpental data. The experimental and computer fitltes

of Nyquist plot and Bode plots (impedance afidfor A383 in 0.5M HPQ, containing different
concentration of KCrO, is demonstrated iRigs. It was found that the fit results were consisteith the
experimental data within 5% of errors. The fit lesfor different concentrations of,KrO, in 0.5M HPO,

are given inTable 2. The data indicate that decreasing concentraifol,CrO, from 10 *to 10 *M
decrease values oftRL and increase the constant pha@gwhich can be attributed to the adsorption
process. The calculated valuesoofire found to be within the value of 0.85 which leips a type of
non-homogeneity due to presence of chromate amgfinogen ions that turn aluminium surface rough or
porous.Fig. 3shows the variations of the total resistarRes (R, + Ry), with chromate concentrations in
0.5M HPO,. The Ry gives an indication for the system resistivity tods corrosion and is inversely
proportional to the corrosion rate. These curvgwresent rapid increase of tHe with increasing
K,CrO4concentrations. Fig. 3 shows the variations of thlxation time,z = L/Ry, with K,CrO,
concentrations in 0.5M JRQ,. Since the relaxation time is a measure of the aatvhich a disequilibrium
distribution decays toward an equilibrium distribat The plot is remarkably observed that the ratiax
time increases with increasing®rO, concentration up to a critical value after whichk ttvalues decrease
again. The critical KCrO, concentration is TOM. Fig.4 represents the variation & and Q_lvalues

of A383 with concentration of }CrO, in 0.5 M HPO, solutions. The data indicates that bdh ™ and
Q_lincrease with increasing,KrO, concentrations. The unique chemical and electrproperties of the
oxo-compounds of chromium, Cr (valence electromigcsure 3d 45) ( Kendig, & Buchheit 2003) gives
them a seemingly unique ability to inhibit corrasim ferrous and nonferrous materials. The eleatron
properties of Cr allow for very different behavidts the oxo- and hydroxocompounds of Cand Cf".
The tetrahedral,% hexavalent oxoanion compounds of chromium (chtendichromate, bichromate, and
chromic acid) dissolve as stable complexes in watansport easily, and adsorb on oxide surfacks. T
octahedral, § trivalent compounds of Cr form very stable, kically inert refractory oxides. Bulk &r
hydroxides form by sol-gel polymerization, givingge to well C?* is readily hydrolyzed in aqueous
solution and exists as an oxoanion in all but thestmacidic conditions. Hydrolysis of €ris directly
related to corrosion inhibition because it affesfgeciation, adsorption, transport, and condensation
processes, which all have roles in chromate camogiotection. Unfortunately, hydrolysis and sulssq
speciation of C¥ oxoanions compounds is often neglected in studfemhibition (Baes, & Mesmer
(1986). Recent investigation of corrosion protattlyy chromates has focused on a number of specific
working hypotheses regarding the mechanisms ohitiin. They can be condensed to the following
statements: EFf oxoanions being highly soluble and very mobilesaiution, are transported to sites of
localized corrosion where they are reduced t@nd irreversibly adsorbed at metal surfaces wirerg
inhibit oxygen reduction; inhibit pit initiation oAl and dissolution of active intermetallic phasesAl
alloys; modify the chemical composition of the swwd of passive oxides and passivated intermetallic
phases by adsorption and buffering; adsorb on alumioxides, lowering the zeta potential, thereby
discouraging adsorption of anions chloride, whicbnpote dissolution and destabilization of protestiv
oxides (Kendig, & Buchheit 2003).

3.1.2. Effect of immersion time

In these experiments, the immersion of A383 all@swarried out continuously in 0.5 MDD, solution
with 10°M  K,CrO,.The specimens were suspended in the test solugida 96 h. The EIS scans as Bode
plots and Nyquist at different immersion times gingen inFigs. 5a,b and 6afor A 383 respectively. It can
be seen that these diagrams show resistive regidnigh and low frequencies and inductive contrdiuat
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intermediate frequencies. The impedance (|Z|) dsasethe phase shifl is clearly found to depend on
immersion time. It is found that/fcreases with immersion time while each of C andeQreases. The
Equivalent circuit parameters of A383 in 0.5 M AQ, solution without and with 10M K,CrO, are
tabulated in Table 3. However, at any immersioretiime values of R are always higher for A383 in 0.5
M H3PO, solution with 10°M K,CrO, as compared to A383 alloy in blank solution sugggsthat
K,CrO, makes A383 alloy much more passive than in thelkofag.7, represents the variation of total
resistance with immersion time in 0.5 M; HQ, solution with 10™M K,CrO,. The results were
confirmed using surface examination. All corrodpd@mens were rinsed gently with distilled watered
and stored in a desiccator for several days beforg were examined by scanning electron microscopy
(SEM). Figure 8(a, b) represents an example foiSfEls! image for tested electrode in 0.5MP@, (blank)
without K,CrO, (Fig. 8a), and with 1OM K,CrO, (Fig. 8b). it is clear from the figure that fo®™M
K,CrO4in 0.5 M PO,  the image is smoother than blank.

3.2. Potentiodynamic Polarization Measurements

In this part the potentiodynamic polarization bebawf A383 was studied in relation to nature and
concentration of the aqueous solutions. Fig.9 shawgpical linear sweep potentiodynamic trace f683A
in 0.5 M HKPQ, without and with different concentrations 0§®0O, solutions. The polarization curves
were obtained for different concentrations ofCKO, in 0.5 M H;PO, solution. It is noticed that the
corrosion potential shifts towards more anodic pt& with presence of }CrO,and as the concentration
increases as shown in Table 4. A difference of #@0is measured between the corrosion potentiahef t
alloy in 10° and in 108 M K,CrO,. In the anodic range a current plateau is obserfvedthe tested A383
the estimatedy, is illustrated in Fig. 10 as a function of the centration of KCrO, in 0.5M HPQ,. The
results indicate clearly that{j) is dependent on the concentration.  The resulisate that KCrO,acts
as an anodic inhibitor in 0 .5 M3sAQ,. It is important to note that in the anodic domairere is a strong
decrease of the anodic current density after ad#is@rO, in HsPO,. The electrochemical corrosion
parameters of corrosion current densitieg,f)i corrosion potential (&), anodic Tafel slopepf) and
cathodic Tafel slopeBf) are estimated by extrapolating both cathodic amaflic linear regions back to the
corrosion potential,

The electrochemical corrosion parameters and itibibiefficiency (IE) are listed ifable 5 Apparently,

icorr decreases considerably in the presence £r®,, and decreases with increasing the inhibitor
concentration. Correspondingly, IE increases wihth inhibitor concentration, due to the increasehim
blocked fraction of the electrode surface by adsonp IE of 0.1M inhibitor reaches up to the maximof
93.9%, which indicates that,RrO, is a good inhibitor for aluminium in 0.5 M phosplwacid. The
presence of BCrO, shifts E,, to positive, which further confirms that,&rO, acts as an anodic-type
inhibitor (Baes & Mesmet986. In addition, there are no significant change3afel slopes ofa andpc,
which indicates that the presence of inhibitor donet change the aluminium corrosion mechanism. The
corrosion parameters are given in Table 5 andrthibition efficiency (IE %) are calculated, Tablefrbm

the following equation (Macdonald 1990) :

l.
IE% =1 -—" x 100 ) (2

where },; and j,, are the uninhIEﬂ'Hed and inhibited corrosion curmensities, respectively. It can be seen
from the experimental results derived from poldit@a curves that increasing ,&rO,concentration
decreased., at all of the studied concentrations. The chanfgeathodic and anodic Tafel slopes alters
unremarkably in the presence of the inhibitor. Tikigndicative that the inhibitor acts by merelpdking
the reaction sites of the metal surface withoungheg the anodic and cathodic reaction mechani8oth
the anodic and cathodic current densities wereedsed indicating thatXrO, suppressed both the anodic
and cathodic reactions. Also it was found thatlfhencreases till 93.9% at TVl K,CrO, concentratioas
shown in Fig. 10.

3.3 Adsorption Isotherm

With regard to Langmuir adsorption isotherm, Eq, {Bwas found to fit well with the experimentahtd
obtained. Wher@ is the surface coverage (IE %) / 100) of the iitbiton the Titanium alloy surface which
is related to the concentration (C) of the inhibito the bulk of solution according to the followgin
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E +C ?3)
K s the adsorption-des%rptioKr?déquiIibrium constay. plotting CP versus C at 298K for the three
inHifSitors, straight lines were obtained as seeFign11. From the interceptsk _,, values were calculated
for the adsorption process. A straight line is ot#d on plotting c/h versus ¢ as shownFig.11. Both
linear correlation coefficient (r) (r = 0.9986) astbpe (slope = 1.0535) are almost equal to 1, kvhic
indicates the adsorption of inhibitor obeys Langmadisorption isotherm. The adsorptive equilibrium
constant (K) value calculated is 344.8' NThermodynamic parameters are important to staeyrthibitive
mechanism. The standard free energy of adsorptk@;gs) related to the adsorptive equilibrium constant
(Kag9 can be obtained from the following equatj_on: (Aang(l;ekry 2011):

ads

logK,, =log 4

where R is the gas constant (8.31473 rKoI'l),5§§s thez%ngl\)uTe temperature (K), the valué 55.the
concentration of water in the solution expresseMinThe AG, values are -13.517 kJ molGenerally,
value of AG,, up to -20 kJ mot is consistent with the electrostatic interacticetvieen the charged
molecules and the charged metal (physisorptionjlevihe value more negative than -40 kJ tioivolves
sharing or transfer of electrons from the inhibiteolecules to the metal surface to form a co-oteitygpe
of bond (chemisorption) (Bentigs al. 2005) In the present study, the value &G_,.is less than -20 kJ
mol probably means that physical adsorption would fd&ee.

ads

4. Conclusions
Based on the results of potentiodynamic polariratind EIS measurements the following conclusiors ar
drawn in this study:

* K,CrG, acts as a good inhibitor for the corrosion of Akoy in 0.5 M HPO, solution.

¢ Inhibition efficiency increases with the inhibitmoncentration, and the maximum inhibition
efficiency obtained from impedance and polarizati®®4.7% and 93.9% respectively at 0.1M
K,CrOy,

e The adsorption of gCrO, obeys Langmuir adsorption isotherm.

* K,CrQ, acts as an anodic inhibitor.

e The presence of CrO, in 0.5 M PO, solutions enhances;Ralues.

. The oxoanions of hexavalent chromium uniquelylbitithe corrosion of many metals and alloys
and have been particularly useful for protecting thigh strength aluminum alloys against
corrosion.

e SEM suggesting that addition of,&rO4inhibitor to HPO, solution enhances the corrosion
resistance of A383 and this confirms the impedamzkpolarization results.
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Table 1: The chemical composition of A383 wt %

Al Si Zn | Cu Fe Mn Mg Sn Ni Cr Pb Na Ti
79.952 | 10.614 | 2.91| 2.52| 0.918| 0.21 | 0.057 | 0.052| 0.05| 0.069 | 0.052 | 0.041 | 0.038

Table 2: Equivalent circuit parameters of A383 in 0.5 M, RO, solution without and with different
concentration of KCrO,

Conc.of R, () R, Q a L Rs IE%
KLrOM) | (emd) | (WFem? | (Qem?) | (uF cm?d) (kH) Q)
0.000 0.8 90.9 19.6 101.9 | 085 045 3.0 1
0.001 18 77.1 30.9 99.7 | 086 065 3.4 37.
0.010 20.9 65.9 90.5 889 | 084 7.7 5.4 8l.
0.050 27.9 56.4 113.2 84.2 85 88 6.2 83
0.100 12.9 55.4 3726 455 | 0.83 920 6.7 947

Table 3: Equivalent circuit parameters and inhibition e#ncy of A383 in 0.5 M KPO, solution + 13 M
K,CrQ, at different immersion time.

Time R, C R, Q a L Rs IE%
M | @or) | (Fem?) | @om) | (@Fom) ) | @

0.00 28.8 68.0 130.4 29.9 0.82| 124 | 865 85.6
0.25 21.4 66.8 193.6 38.9 0.85| 287 | 871 90.2
0.50 21.3 63.8 285.5 42.2 0.81 | 594 | 862 93.6
1.0 17.7 58.9 370.4 43.8 0.80 | 741 | 813 95.2
2.0 12.9 55.4 372.6 455 0.83| 9.18 | 6.66 94.7
3.0 12.5 52.8 404.9 46.4 0.81 | 10.81 | 6.74 94.6
5.0 11.9 42.2 565.4 47.9 0.83 | 12.83 | 6.88 95.3
24 11.2 39.2 688.5 50.9 0.84 | 14.49 | 752 94.5
96 10.2 29.8 1168.1 51.3 0.85 | 16.39 | 8.08 95.5
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Tabl 4: Corrosion parameters of A383 in 0.5 M PIQ, solution containing different concentration of

K,CrO,
Conc.of 'Ecorr icorr _Bc Ba IE%
K2CrOy(M) (mV) (uA cm®) (mV/dec) (mV/dec)
0.000 1280.0 805.1 197 174 --
0.001 627.4 566.8 181 170 29.5
0.050 539.4 77.0 130 164 90.4
0.01( 453.¢ 75.4 14C 15C 90.¢€
0.100 294.7 48.5 180 148 93.9
70
- 60
- 50
o - 40
5 m
© o
c - 30 &
N =
(@)
IS} - 20 @
- 10
-0
04 T T T T T T T
2 1 0 1 2 3 4 5 6

log f (Hz)

Fig.1: Bode plots of A383 in 0.5 MJRO, without and with different concentrations of@&O,
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Fig.2: Equivalent circuit model representing twoei constants for an electrode/electrolyt

interface
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Fig.3: The variations of the total resistance, Bnd relaxation time;,, of A383 with K,CrO,
concentrations in 0.5M 4RO,

49

e solution

T (kH.Q "cm?)



Chemistry and Materials Research www.iiste.org
ISSN 22243224 (Print) ISSN 2225956 (Online)
Vol 2, No.1, 2012

0.019 0.024
0.018 - - 0.022
L 0.020
0.017 - —
o = L 0018 —~
N
g 0.016 c
(&)
T = - 0016 7,
= =
= 0.015 1 =
8} L 0014 ©
0.014 -
L 0.012
0.013 A L 0010
0.012 . . . . . . 0.008
0.00 0.02 0.04 0.06 0.08 0.10 0.12
Cinh (M)

Fig.4: The variation ofC < and Q_lvalues of A383 with concentration of,&O, in 0.5 M HPO,
solutions.
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Fig.5(a&b): Bode plots of A383 in 0.5 M3;AQ, solution with 0.1M  KCrO, at different immersion
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Fig.6(a&b): Nyquist plots of A383 in 0.5 M 4RO, solution with 0.1M KCrO, at different immersion

times.
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Fig.7: The variations of the total resistance,0RA383 with immersion time in 0.5M 40, without and
with 0.1M K,CrO,.
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Fig.8(a): SEM image for tested electrode in 0.5p5P8, (blank) without K,CrO,.

! s0pm ' 1000

Fig.8(b): SEM image for tested electrode in 0.5MP8, (blank) with 0.1IM K,CrO,.
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Fig.9: Potentiodynamic polarization curves of A388 0.5 M HPO, without and with different
concentrations of fCrO;.
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Fig.10: Variation of IE% and.d, of A383 in 0.5 M HPQ, without and with different concentrations of
K,CrO,.
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Fig.11:Langmuir isotherm adsorption mode of A3838lifferent concentration of ¥CrO, in 0.5 M H,PO,
solutions.
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