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The corrosion behavior of two types of Egyptian coins were investigatads are availablas 25

piaster (25B)(nickelplated steel) anB0 piaster (50P)brassplated steellEgyptian coinsThese coins

were studied irArtificial Sweat Solution(ASS) byusingweightloss and electrochemical techniques.

The ASS was analyzed duringeightloss by Atomic Absorption Spectroscogyring the immersion

of these coingor up toseven daysElectrochental techniques showed that the corrosion rates of 25P
werefaster than 50P Egyptian cojivghile thepolarizationresistance of 50P (brass plated layer) in the
ASS washigher than that a25P coin (nickeblated layer)Wear behavior wastudiedbefore ad after
corrosion measurementsising the weightloss method The optical microscopywas usedfor the
investigation of the surface morphologytioése Egyptian coins after immersion in ASS before and after
wear. The weightloss results confirmed that therpmsion rates of 25Rvere faster than that of 50P
Egyptian coins after immersion for seven days in A&8mic AbsorptionSpectroscopyesultsshowed

that Ni ions released to unacceptable safety limit. On the other hand, the Cu and Zn ions released in AS!
did not present any hazard to the human. The specific wear rate of the plating layer of the two Egyptian
coins increased by increasing the immersion time in,A88 thespecific wear rate of the 50P Egyptian
coinswasabout three times greater than that of the 25P Egyptian coins.
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1. INTRODUCTION

During coinsd circulati on, d e p eon,aains Igse their c o |
original appearance, color, and clear pits may be formed on the surface. This behavior mainly caused b
human sweat that destroys the surface of coins grad@li@oins are made ohetals/alloyghat have
standard desigrig, 3]. Recently, mosbf thealloys used in manufacturing of coins alieand Cu alloys
[4, 5], astheir prices arédower comparedo other preciousmetals andor its decorative appearance. Ni
resistance is unequally by any other metal or alloy except precious [Bgtaélewever, Ni is classified
as one of the most hazard metal tbafiseskin sensitivity (may cause an allergy to skin), affecting
about 1020% of he general populatid@-10J]Wh e n  Ni i ons r %vaek hftergrolenged . 5
contactitis considered as a restricted linfiatcau® skin allergy{9-13]. Potential applications of alloys
and metal of Ni included producti@nd processes, transpand jewelrieg6, 12 14, 15]. Cu alloys,
especially brass possesses strong wear resistance and processing properties, hence itraaga @fide
applications, such afaily hardware, manufacturing of outdoor/indoor machifié® attractive golden
color acquired by tassis of special interegb different applicationdHowever, diferent colors are often
reported 16-18].

The ASS ismore aggressive thahat ofwater on the surface of the coifis3, 19. This may
affect the corrosion behavior particularly in coiRer example, Euro coim ASS was investigateahd
found that the Nieleased percentage wasthe ranges between 2325 . 1 2aveek. @ha Ni ions
released was rapid in the first days of immersion then it started to slow@beNi ions releasérom
Euro coincan be precipitatednto the skinThis wasnvestigated afteEuro coinimmersion forl hin
artificial sweafwhere theemount of Nireleased fromNi | at ed coi n4lllwas 7. 5 &

The risk of allergyduring handling Niplated alloy coins are more comparison to the risk of
handling brasglated alloy coins. The corrosion behavior for mild steel, galvanized steeE&16ISin
ASS were studiedaccording to ISO 316Q [20]. The interaction of corrosion and wear properties is
important in many engineering applications such as the compooenarine structures, chemical
pumps, piston rings, cylinder walls and mecharseall§21]. Theliteraturesdealing with the corrosive
wear behavior for engineering applications wearensively investigated[21], but corrosive wear
research is limitedor coins The aim of thiswork is investigatingthe corrosive wear behavior of the
minted coins (25P and 50P Egyptian coins)AS8S for up to seven daysThe electrochemical
investigation included the study of the corresponding blanked cbires surface morphology of the
immersed coins were investigdtby optical microscopytomic Absorption Spectroscopyas used to
follow the ions release during immersion of coins dusegen days. The wear behavior of the coins
before and after immersion in AS&re investigated as well during this period.

2. EXPERIMENTAL WORK

2.1 Materials

Blanked Egyptian coin@5P Egypian coin and 50P Egyptian coispecificationweregiven by
the importer (British Mint Authorityandillustrated in Table 1. Table 2 shows plated layer thickness
and composition of these coin¥able 3 lists the chemical composition of steel. The chemical
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composition of the ASSaccording to ISO 3160/f22], is given in Table 4. The pH of the ASS
electrolytic solution is adjusted to a value of 4.7 using a pH meter (HI 9021 Micro Processatingy ad

few drops of NaOH.

Table 1.Dimensional specification of 25P and 50P blanked Egyptian coins

. Diameter Edge .
Blar)ked DiameterCut Rimmed thicknessRim Diameter Weight (g)
coins (mm) Plated (mm)
(mm) (mm)
50P 22.74+0.05| 22.54+0.03] 2.21+0.10 22.6%+ 0.05 6.5+0.2
25P 20.67 £0.05| 20.47+0.03] 1.87+0.10 | 20.66+0.05| 45+0.17

Table 2.Plated layer composition of blanked Egyptian coins

Composition of element in the plate
Blanked coins (wt.%) Thickness, um
Ni Cu Zn
25P 100 - - 7.5
50P - 69.86 30.14 25
Table 3.Chemical composition of steel in wt.%
Elements| Fe Mn C P Cr | Other impurities|
% 99.40 | 0.15 | 0.08 | 0.03 0.02 0.32
Table 4.Chemical composition of ASR2]
Compound SOd".Jm Ammo_nlum Lactic acid | Acetic acid| Urea
chloride chloride
(g/L) 20 17.5 15 5 2.5

2.2 Corrosionbehavior

Two different Egyptian coins (25P and 50P) were investigated wsightlossmethod First,
the samplevascleanedby distillate waterdried air andthen the weighof eachsamplewas measured
before and after immersion in ASS using three samples in each teakiagdhe average. For weight
losstest, immersion in ASS fdt h, one day, three days, five days and seven days. The corrosion rate
were calculated according to Ef[23-25]:

_8

Corrosion rate (mm/year)

(1)
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Where w is weight loss (g), D is dens{tycn?), A is suface aregcnm?), T is immersion time

(h).

The Atomic Absorption Spectroscofgynodel Agilenttechnologies 200 series AAjasused to
measure the concentrations of ions in ASS after immersion of safaplgs to seven day#\ digital
camerawasused fortaking imagesfor the coins before and after the corrosionudprto seven days.

Optical microscopywas usedisingOlympus BX4M-LED for the investigation of theurfaces of coins
after immersion in ASS fat h,one day, three days, five days and seven days.

Electrochemical techniques were utilized in studying the corrosion rate$ atied seven days.

The open circuipotential (OCP) was performed at 25 + 1°C, using a conventionatleetrode cell,
working electrode (specimen) and Ag/AgCl as reference electrode. The electrochemical cell connected
to Workstation Autolab PGSTAT302N farhand seven days. Potentiodynarpolarization was carried

out by workstation Autolab PGSTAT302Nigh- Performance potentiostat/galvanostat instrument.
Threeelectrode celused where the sample servedaaworking electrode, a platinuas acounter
electrode, and Ag/AgCasreference kectrodewhile ASS was used aslectrolytic solution at room
temperature. The samples were measured from steady state potential £ 250 mV at a scan rate of 1 mV
! The SternGeary method26] was used for the determination of the corrosion curgesf). The
corrosion current was gained by extrapolation of anodic and cathodic Tafel lines and the corresponding
corrosion potentialEcorr) for samplesCorrosion ratavas calculated frorkq. 2where the dorr estimated

from polarization curveR27]:

o x pmt O Ow

<
° 0

Where CR is the corrosion rate (mm/year), D the density &/&hV the equivalent weight of
specimen in grams ang (plated) andébrar € t he corr osi on?valueswithand de.
without plating,respectively.

OCP results were obtained in aerated ASS as a function of time showed a varied behavior. The
samples used in thplsattedts twealed  2pSdntdceod Pt AeNa li dn .

2.3 Wear test

The wear test before and after immenrsitime of 25P and 50P Egyptian coins in ASS was
performedaccordingto ASTM G9904 [28], during different immersion time in AS8f 1 h, one day,
three days, five days and seven days. Wear tests were conducted under dry sliding at room temperatut
23+2°C wsing a balon-disk wear tester with  a 5 mm diameter@d ball rigidly hold by a holder
employedas the ball and the coins as the disk with the flat plane oriented horizontally. The test was
carried out at a normal load of 7 N at a 100 mm/s sliding séwxtotal sliding distance was set to 100
m. The coefficient of frictiofCOF) was calculated from EqsaBd4:
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Where @V is the volume of coating removal

sliding distance (in meter), L is the normal load applied (in Newton).

3. RESULTS AND DISCUSSION

3.1 Weightloss

Fig. 1depicted the weigHbss of the minted coins. The corrosion rate was extracted from Fig. 1
by substituting the slope value into EqFlg. 1(a) the experimental results (hollow circles) were fitted
linearly (solid line) and therearslopehas a valu&.96x1(, consequentlythe corrosion rate of 25P
coins afteimmersion in ASS foseven days is equiad 6.89x1& mm/yr.

(A)
001 2 L 1 L 1 1 1 1
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| weight No Weighting .
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Figure 1. Weightloss versus immersion time for up to seven days for (A) 25P minted coin@B)and
50P minteccoins immersion in ASS at room temperature.

From Fig. 1(b), the slope of line value {@s a valu®.94x10°, density of 50P Egyptian coin
(") equalto 7.9 g/cd, and exposed area for corrosive environment (A) equal to 9.66Ttms, the
corrosion rate of 50 P coins aftermersion in ASS foseven days isqual to 3.37x1®mm/yr. Weight
lossmethodconfirmed that theorrosion rate in the ASS fdli-ply coat is thénigherthanthat50P coins.
It might be due to the immersion of {glated steel immersed in AAS htie highetlevel of nickel in
a short time whictconfirmed that the people handled-&ioy in a short time and constantly, more
suscefible to injury[11].

3.2 AtomicAbsorptionSpectroscopy

The Atomic AbsorptionSpectroscopyor the 25P and 50P minted coins immersed in ASS for
seven days were investigat&tlhenNi-platedsteel immersedh ASS it could suffer from oxidation to
form Ni?* which has a more noble potential than that of Ni metal. The rate of Nigtwesedorm 25P
minted coins are higher than the skfeit of Ni released 0 . 5 Z%weagk).dtmwas indicated that the
study of Ni deposition in ASS for seven days is hot enough time to compute the circulation risk of items
with high Ni content that coeinto people handled Ni alloys in short tifdé].

cQ v

0 0Q
' ®)

cO cQ 0
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On the other hand, for 50P Egyptian coins showed that Cu started to react with the chloride from
the ASSasshown inEgs.7-10 [19].

00 00° 0@ o Q X
0@ a 000 0@ & 1
0060 cOOa% coda Q (D)
CO®@a O0C 6060 ¢O 10 p T

Cupric oxtchloride (Cwe(OH2)Cl2) producedrom passivation of Cu as a result of the presence
of chlorides, (Ce(OH.)Cl2) or dueto the formation of cuprous and cupric oxide on the top of the-brass
plated steelChloride ion inASS accelerates the anodic active dissolution of brass, which is the main
reason of corrosion. Lactic acid and ammonia water also promote the anode reaction. The presence c
urea has little influence on the corrosion prod@&.The corrosion product formesh brass surface
contains cupric chloride hydroxide, cuprous oxide, urea complex formed with copper (IlI), and low
content of lactic acid or lactic acid radical ions (or b2g.

The ionsreleased from 25P minted caafter seven days immersed in ASS are 54.51 mg/L Fe
and 134.02 mg/L NiTheions released from 50P minted coin for seven days immersed in ASS are 510.89
mg/L Fe, 43.58 mg/L Cu and 80.19 mgilhen the ionseache the Fe substrateghe Fe corrodes and
its corrasion wasfasterthan the plated Ni or plated bradige to the formation of stable iron oxide (e.g.
FeOs). It is important that coin composition minimizes allergenic ion relgz@eThe Fe ions released
from 50P Egyptian coins is larger than that Fe iofeageed from 25P Egyptian coinkhis confirmed
that the dezincification process produce pit corrosion on the surface of 50P coins which make the
solution react easily with iropi9].

3.30pen circuit potentia(OCP)

The variations ofOCP of the twoblanked coins samples the presence of ASS fdr h are
presented in Fig.(A). After 1 h of immersion, brasplated steel sample showed a slight shift towards
more negative potentialuring the first few seconds of immersiorhe potential theshifted bwad a
steady state value 6880 mV after around 120 min of immersion. This behavior may be due to the
formation of Cu(l), Cu(ll) chloride or oxides as showrEigs.7-10. For the Niplated steel sample, the
OCPcurve showed a slight shift of potentialmore negative after 200 s of immersion as shown in Fig.
2(A). After 1h of immersion, the steady state potential for the ¢aio samples may be arranged
according to active potential as-pliated steel > bragslated steel. After seven days of immersieig,,
2(B), brassplated steel sample showed a slight shift frd&@@0 mV to-610 mV during the first few
minutes of immersion. Theurve shifted to less negative direction after passing Z0tessevendays
in ASS 604800 s)and then readu a steady state value-607 mV. A slight increase in the negative
direction from-587 mVto -594 mVVwas observed for Nolated steel sampbfter immersingn ASS for
seven days.
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Figure 2. OCP curvesof 25P Egyptian coins (Nplated steel) and 50P Egyptian coins (bialssed
steel)for (A) 1 h and B) seven daysf immersionin ASSat room temperature

For all time of immersion, ranged froinhto seven days in ASS, the brgdated steel and Ni
plated steel showed different behavior. It was attributed to the formation of oxide on the surface on the
brassplated steel and Nplated steel. The OCP aloneutd not confirm this behavior but in general; Ni
plated steel showed théte potential shifted to less negative direction (speculahegoxide film
formation at this point). On the other hand, for brglssed steelnoise in the potential with time wa
observed which indicated a more complex behathis,behavior may be due to the formation of oxide
on the Cu antb dezincificatioron the same timi 9, 29]. The brasgplated steel potentials went to more
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negative potentials while Ni plated steel wémtless negative potential. Thi®uld be attributedo
dezincification in thédrassplated steel while oxide film was deposited orpNited steel.

3.4 Potentiodynamic polarization

The potentiodynamic polarization results oflated steel, and bragtatedsteel immerseth
ASS were depicted in Fig. 3. Corrosion parameters, namely corrosion potegdigl fBlarization
resistance (R, corrosion current densityc§r), and corrosion rate (mm/yeame presentesh Table 5.
When samples were immersed in ASSIfdr,different corrosion processes started which included either
dissolution or deposition of some species. If the valugafshifted towards a negative val, then this
will indicate a dissolution process (or oxidation proce®s) the other handf, the Ecorr Shifted towards
positive potential this may indicate thexide film formation formed on the surface that are inert
(reduction processinatching withthe results of OCP shown in the previous section. It is clear that the
free corrosion potential for 25P Egyptian coin-{Mated steeljvas-509 mVwhile it was-366 mVfor
50P Egyptian coin (bragsdated steel)is lcorr Obtained for 25P Egyptianom (Ni-plated steel) was
aroundl1.90x10’A/cm? while it was1.52x10" A/cm?for 50P Egyptian coin (bragsated) . After 1 h,
the polarization resistance of-Niated steel polarization resistance reachddkq while it reache®.3
k.q . for brassplated steel

For 50P Egyptian coin (braggated steel), & behavior showed a noble potentadter 1 h
immersion time in ASSompared to seven days of immersion of immersion where dhesiifted
towards more negative value
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Figure 3. Potentiodynamic polarization curves of 25P -(\ated steeland 50P (brasplatedsteel)
Egyptian coins aftefA) 1 h, and B) seven daysf immersionin ASSat room temperaturand

a scan rate of 1 mVs

For the 25P Egyptian coin, after sevdays of immersion the.ds was slightly shifed towards
more negative valudt was believed that the Milated steel layer was oxidized to form Ni@n the
surface according to Egs.and6. Ni-plated steel when immersedA$Swhich thencouldbe suffered
from oxidation to form Ni* which has a more noble potential than that of Ni metal. As anticipated, the
formation of Nf* was gradually increased then reaclsednaximumvalue on the seventlday of
immersionas in Eqs5 and6. From literature, Ni iglassified in active region in ASS which mean the
Ecorr < B [31]. It was noticed from Table that the value gff 25P more negative tham &f Ni/Ni%*
which equal {0.23V).

Table 5.Electrochemical parameters obtained from potentiodynamic polarization measuren2&mts of
and 50FEgyptian coilsin ASSafter 1 h andeven daysf immersionat room temperature

Ti me . “E.or CR Pol ari z
Coi | (mv) lcodrA/ Cn (mm/ ye|lresi ska)
b 25P 509 1.90x 10 2.0x103 5.45
50P 362 1.52x 10 1.8x10°3 8.34
25P 587 3.67x 170 3.9%x103 2.52
seven days
50P 613 2.47x 10 3.103 6.22
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3.5 Wear test

The specific wear rate value was used to indicate wear performbaoeeer specific wear rate
represents a higher wear resistarnidee specific wear rate value of 50P Egyptian minted cioiresr
(before immersion in ASSs around foutimeslargerthanthe 25P mintedegyptian coins as shown in
Fig. 4. The Niplated layer is higher wear resistance than bpésted layer. After threelays of
immersionin ASS,the specific wear rate of 50P minted camgapidly increasedintil the seveith day
of immersion in ASSThe 25Pminted coinshave awearresistance in airbefore immersionn ASYS),
this wear resistance decreasdtbrimmersion in ASS as shown in Fig. ®his behaviorindicatel that
the Niplated layer affect with ASS in short perifidl]. The coefficient of friction of the two minted
coins providedin Fig. 5. The figure indicated that diated layer is higher surfactrength against
friction but the surface strength decrease with increase of immersion time in ASS. The coefficient of
friction values of Niplated layerwere higherthan brasgplated layer.From literature review,he
electroless nickel coating in the-dsposited state exhibits high rates of w&hrch related to adhesive
wear, and the susceptibility to abrasive wig#]. However, the coated of mild steel is improves the
wear resistanci3].

0.0025

0.002

0.0015 1 1

[ 50P coins

0.001 M 25P coins

, mm3/N.m

0.0005

MR B R

zero 24 72 120 168

Specific wear rate after run duration 15 min

Immersion time in artifical sweat solution, h

Figure 4. The specific wear rate vs immersion timeamhted 25P and 50P Egyptianins in ASS after
run duration 15 min



Int. J. Electrochem. Scil6 (2021)Article ID: 210816 12

= 1.2
£
=
c 1 4 |
2
=
5 a
T 08 -
S |
E <&
£ 06 .
-] . 3
5 ¢ < 50P coins
L o
£ 04 | o B 25P coins
“
o
-
]
s 0.2 A O
5
Q
9
0 T T T |
0 50 100 150 200
Immaersion time in artifical sweat solution, h

Figure 5. The coefficient of friction vs. immersion time ofinted 2% and50P Egyptiancoins in ASS
after run duration 15 min

3.6 Surface Morphology of the corroded coins

(@) (b) (©) (d)

Figure 6. The Images for (aJhe minted 25P Egyptian coins, (b) after wear in air, (c) after corrosion for
seven days in ASS, and (d) after corrosion for seven days in ASS followed by wear test.

(a) (b) (© (d)
Figure 7. The Images for (afhe minted 25P Egyptian coins, (b) after wear in air, (c) after corrosion for
seven days in ASS, and (d) after corrosion for seven days in ASS followed by wear test.
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Figs. 6 and showdigital cameramagedor theminted25Pand 50FEgyptian coins, respectively
before (in air) and after (during immersion in ASS) running wearRegst7 shows that the 50P Egyptian
coinssurfacesavea brownishyellow corrosion product.

The optical images of wear ofinted 25P Egyptianoins aizero (before immersion in ASS) and
seven days (after immersion in ASS) are given in Fig. 8. Whilenfoted 50P Egyptiagoins were
illustrated in Fig. 9. Figs. 8 and 9, optical images revealed almost a uniform structure with some patches
of deposits athe beginning of immersio.he corrosion mechanism involves the weakening and the
partial removal of the protective oxides layer that spontaneously forms at the alloy surface. This removal
of this layer allows the starting of pitting corrosion that evalhtleads to the coating failure. Therefore,
the key point to improve the corrosion performances is to increase the stability of these oxides layers
[34]. In addition, the dezincification of the brass is the main localized corrosiohégige the pittig
corrosion R9]. Thus, the pitting corrosion appear in 50P Egyptian coins as shown from Fig. 9.




