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Abstract

Pipes that carry saltwater, and desalination facilities are all typical applications for the Cu-10Ni alloy. Examining the surface
characterization and the corrosion performance of Cu-10Ni alloy after immersion in hybrid Cr**/ Ni** solutions with tungstate
in either 0.5 M HCl or 1 M NaCl. The influence of the addition of hybrid Cr’**/ Ni>* with tungstate on the corrosion of Cu-
10Ni alloy in 1M HCI or 0.5M NaCl was investigated with weight loss (WTL) method and open circuit potential (OCP)
measurements over 7 days to 90 days. Also, potentiodynamic polarization (POT) and cyclic voltammetry (CYV) were
performed. The findings show that tungstate has a low IE in comparison to a hybrid solution containing Cr**/ or Ni** ions.
The solution's CI” continuously assaults the protective layer as immersion time increases, rupturing it. Following 7 days, the
tungstate hybrid Cr’* has the highest IE 82%; and 68% in HCI and NaCl, respectively. Thus, the IE values in HCI and NaCl
after 90 days were 67.1% and 97.9%, respectively. Furthermore, the hybrid Cr**/ or Ni** with tungstate results in a slight
difference in the anodic, cathodic, and corrosion potential Tafel constant values. An increase in the IE% values of the hybrid
Cr** with tungstate in HCl and NaCl from 58.0 % to 82.3 % indicates a better surface coverage of the Cu-10Ni alloy. The
examination of the surface morphology is accomplished using an energy-dispersive X-ray analysis (EDX) and a scanning
electron microscope (SEM).
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1. Introduction

The breakdown or deterioration of metallic materials characteristics of Cu-Ni alloys because of their

caused by the contact of the metal surface with the
environment is known as the corrosion process [1, 2].
Because metals and other elements gravitate towards
their lowest energy states, corrosion is a naturally
occurring phenomenon [1]. The corrosion products
can generate very thin, defensive, tightly adherent
films or pitting films that are very thin and reduce the
pace of corrosion [3]. Copper has several applications
due to its exceptional characteristics. It is used in
hardware to produce wires, and cylinders and also to
create alloys [4]. Cu-Ni alloys are used in several
applications such as power generation, including
automotive, marine, and jet engine compressors
industries [5. 6. 7]. Significant interest has been
devoted to the investigation of the corrosion

exceptional corrosion resistance (CRST) and the
intrinsic resistance of Cu alloys to biological
pollutants. Diverse Cu-Ni alloys have been reported
to corrode in chloride solutions and natural seawater
under a range of conditions [8]. Divergent findings
have been accumulated; some writers have posited
that selective electro-dissolution of Ni predominates,
whilst others have discovered that the dissolution of
Cu is contingent upon the composition of the alloy
[9]. The better CRST of Cu-An elemental cause for
the corrosion product coating that develops on the
surfaces of Ni alloys may be identified. This coating
slows the rate of ion diffusion significantly, resulting
in a decrease in the corrosion rate (CR) [10]. The Cu-
Ni alloy corrosion product film formed in stagnant
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seawater primarily comprises a porous (Cu,
M),(OH);ClI (where M is Ni, Fe, or Mn) outer layer
and a faulty and compact Cu,O inner layer [11]. The
effect of Ni** on the corrosion characteristics of steel
pipelines was also investigated [12]. When
submerged in NaCl, the Cu-Ni alloy of the Cu,O and
CuO films with Ni incorporation lowered the cation
vacancy concentration, resulting in increased CRST
[13]. The enhancement of Cu's CRST by Ni insertion
into the corrosion product layer was observed, and an
endeavor was undertaken to establish a correlation
between the Cu—10Ni alloy's microstructure and
corrosion behaviour [14, 15]. Probably because of the
selective corrosion of Ni, the inner layer is enriched
with Cu and O and deficient in Ni (denickelification)
[14]. Cu in the matrix is preferentially dissolved and
redeposited to produce Cu,O film, which possesses
semiconductor characteristics because CI” is present
in the solution. Because nickel is doped into the
cationic vacancy of the Cu,O film in the form of ions
after dissolution, which lowers the cationic vacancy
concentration and increases the corrosion resistance
by reducing the electrical conductivity of the film, the
corrosion resistance of Cu—Ni alloy is superior to that
of pure Cu [6, 16]. A corrosion inhibitor is defined as
a chemical compound that, when introduced into a
medium in minute quantities, hinders the degradation
of metal caused by the environment in which it is
present [17]. Based on their chemical composition,
inhibitors may be classified as organic inhibitors,
mixed-substance inhibitors, or inorganic inhibitors
[18, 19, 20]. Inhibitors might be incorporated into the
varnish or applied directly to the surface to enhance
the corrosion resistance [21, 22]. The protective
action of WO,> in distilled water is approximately
identical in the presence of corrosive ions. WO,> was
found to be more effective, and the toxicity is very
low. Furthermore, the use of tungstate in isolation as
a corrosion inhibitor in industrial cooling water
systems is not feasible due to its substantial cost and
restricted oxidizing capability. Extensive research has
been conducted on the application of co-inhibitors
[23, 24, 25]. Cr is a transition metal element that is
frequently employed as an alloying element to raise
the CRST of alloys which is comparable with Ni in
atomic radii and electron configurations. It has
examined the electrochemical characteristics of Cu-
Ni alloys with various alloying elements and shown
that Cr can lower the alloy's CR and corrosion current
density. It did not, however, provide a detailed
explanation of the mechanism of Cr on the CRST of
Cu-Ni alloys or indicate the evolution of Cr in the
corrosion product layer. There aren't many studies on
the impact of Cr on Cu-Ni alloy corrosion behaviour
and mechanism that have been published to date.
Consequently, it is worthwhile to investigate how
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micro-alloying Cr elements can raise Cu-Ni alloys'
CRST [13].

Since the Cu-10Ni alloy's corrosion mechanism is
more complicated, there has been a lot of research on
its  mechanical characteristics and corrosion
resistance; however, the research to date is not
sufficiently comprehensive [6]. This study examined
the enhancement of corrosion characteristics of Cu-
10Ni alloy in hybrid Cr** or Ni** with tungstate in
IM HCI and 0.5M NaCl medias employing weight
loss (WTL), open circuit potential (OCP),
potentiodynamic polarization (POT), and cyclic
voltammetry (CYV) for 7 and 90 days. The corrosion
products on the alloy with different inhibitions were
characterized by their morphology by scanning
electron microscopy (SEM), their elemental
composition by energy dispersive X-ray analysis
(EDX), and their elemental distribution by mapping.

2.Experimental Work

2.1 Preparation of the Specimens The working
electrode with dimensions 20x20x2 mm’ was
fabricated from a Cu-10Ni alloy sheet with the
following chemical composition (wt. %): 9.27% Ni;
0.768% Mn; 1.67% Fe, and 88.24% Cu. The
electrode was polished to a mirror finish, decreased
with acetone, and utilized for the WTL, POT, and
surface inspection investigations.

2.2 Weight Loss (WTL) Seven days were spent
immersing Cu-10Ni alloy in 50 ml of 1 M HCI or 0.5
M NaCl with 0.1 M inhibitor concentrations
with/without hybrid Cr**/ or Ni** with tungstate. The
average CR may then be calculated using Eqgs.1 and
2.[26. 27, 28]:

AW =Wi-W: (D
AW x K
AW xXh 2)

C.R.(mm/y)=
( y) A xTxD
Where K represents a constant (8.76x10%, T provides
the exposure time in days. A gives the area in cm?,
AW indicates WTL in grams, and D represents the
density of the Cu-10Ni alloy (8.9 g/cm®). The surface
coverage degree (0) was calculated using Eq. 3:

9 = Wo-Wi 3)
Wo

Where Wi and Wo are the values of WTL of Cu-10Ni
alloy with/without inhibition, respectively. The
inhibition efficiency percentage (IE%) was calculated
according to Eq. 4:

IE% = 0 x 100 )
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2.3. Open circuit potential (OCP)

The 1 M HCl or 0.5 M NaCl electrochemical
behaviour containing varied inhibitor concentrations
in the presence and absence of hybrid Cr’*/ or Ni**
with tungstate was examined by measuring the
change in corrosion potential (E.,;) over 7 days. The
steady-state OCP was subjected to electrochemical
measurements. During a 30 min exposure period, the
OCP time dependency for several tests was recorded.

2.4. Potentiodynamic polarization (POT)

The scanning rate of 5 mVs"' was used to alter the
electrode potential from -0.7 to +0.7 V to capture
POT curves. A laptop and a VoltaMaster PGZ 301
potentiostat/galvanostat linked to a three-electrode
cell assembly were used to conduct measurements of
corrosion inhibition. Saturated calomel electrode
(SCE), Cu-10N:i alloy, and platinum wire serve as the
reference electrode, the working electrode, and the
counter electrode in this cell, respectively. To
calculate current densities (/.,,,), Tafel polarization
analysis of anodic and cathodic curves was
performed. Using Eq. 5, the inhibitive efficiency
(IE%) was computed.

_ _ CRinn
IE = (1 o )x 100 )
where CR, and CR,,, are the CR values in the
absence and presence of hybrid Cr**/ or Ni** with

tungstate, respectively.

2.5 Cyclic voltammetry (CYV) The CYV offers a
qualitative insight into pitting corrosion mechanisms.
It is also a highly useful method for determining a
metal or alloy's susceptibility to pitting in a specific
corrosive environment. Cu-10Ni alloy was subjected
to CYV experiments in chloride media (1 M HCI and
0.5 M NaC(l) in both the absence/ presence of hybrid
Cr’*/ or Ni**with tungstate using a potentiostat model
PGZ301. The potential was first measured at a
cathodic direction and then allowed to sweep to an
anodic direction until a sharp change in the current's
direction in the active direction was seen. After that,

1.0

a second cathodic sweep of the sample was
performed.

2.6 Surface Examination The Cu-10Ni alloy was
submerged in different test solutions for 7 and 90
days. After two intervals, the specimens were
extracted and dried. Surface analysis used the SEM,
and EDX analysis to ascertain the characteristics of
the coating that forms on the metal sample’s surfaces.

3. Results and Discussions

3.1 Influence of immersion period

The WTL approach quantified the increase in CRST
of Cu-10Ni alloys containing hybrid Cr**/ or Ni**
when coated with tungstate. Figs. 1 and 2 depict the
WTL-Time curves for corrosion of Cu-10Ni alloy in
hybrid Cr**/ or Ni** with tungstate in chloride
medium after 7 days and 90 days, respectively.
Tables 1 and 2 display the C.R. and Inhibition
Efficiency (IE%) of Cu-10Ni alloy in chloride
medium (1 M HCI and 0.5 M NaCl) in hybrid crty
or Ni** with tungstate after 7 days and 90 days,
respectively. The immersion time of 7 days was
performed to indicate the early-stage corrosion
behaviour of the Cu-10Ni alloy. The tungstate hybrid
Cr’* has the greatest IE percent after 7 days, 82%:
68% in HCI and NaCl, respectively. According to the
results, tungstate alone has a low IE, when compared
to a hybrid Ni** ion solution or a hybrid with Cr**
ions. Corrosion accelerates in the absence of hybrid
Cr’*/ or Ni** with tungstate or tungstate alone. When
tungstate is coupled with Cr**/ or Ni**ions, the IE
increases in both HCI and NaCl, which are corrosive
environments. As immersion time grows, the
effectiveness of the inhibition reduces [29]. As
immersion time rises, the CI° in the solution
continuously attacks the protective layer, causing it to
rupture. Thus, the greatest IE percentages in HCI and
NaCl after 90 days, were 67.1 and 97.9, respectively.

—8— 1TMHCI
-
C.8 =

—tp-~ TMHCI + W +Cr

1MHCI =W

c4a

Weight Loss (g)

c.2

c.o

Time (day)
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Figure 1: WTL-Time plots for the Cu-10Ni alloy corroded in hybrid Cr**/ or Ni** with tungstate after 7 days in (a) 1 M HCl and (b) 0.5 M

NaCl

Table 1. The CR and the Inhibition efficiency (LE. %) of Cu-10Ni alloy in hybrid Cr*"/ or Ni** with tungstate in chloride mediaby WTL

method after 7 days

Weight Loss (g)

0.010

0.008

0.006 4

0.002 -

e (.5 MNaCI

@ 0.5MNaCl + W
-

=g+ 0.5 MNaCl + W+ Cr

Time (day)

(b)

IM HCI 0.5 M NaCl

Inhibitors V&g)]_‘, n(le;R]/;/ E% V&E’;‘)L, n(lj}l{l/,y IE %
Cu-Ni alloy 0.905 318.06 - 0.009 3.16 -

Cu-Ni alloy +(W) 0.536 188.42 412 0.008 2.81 112

Cf(&‘ﬁ\llll‘;y 0.295 103.52 67.1 0.006 2.11 33.1

Cf(é‘lvﬁlr‘;y 0.159 55.89 822 0.003 1.00 68.1

Table 2. The CR and the Inhibition efficiency (LE. %) of Cu-10Ni alloy in hybrid Cr*/ or Ni** with tungstate in chloride mediaby WTL

method after 90 days

IM HCl 0.5 M NaCl
Inhibitors WTL. CR WTL. CR
3 - IE % 0 - IE %
(g) mm/y ? (2 mm/y ¢
Cu-Ni alloy 1.099 30.05 - 0.1585 4.334 -
Cu-Ni alloy +(W) 0.799 21.83 27.3 0.0220 0.602 86.1
Cu-Ni alloy
+(W-Ni) 0.601 16.42 45.4 0.0085 0.232 94.6
Cu-Ni alloy
+(W=Cr) 0.362 9.88 67.1 0.0032 0.088 97.9
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Figure 2: The CR values of Cu-10Ni alloy in hybrid Cr**/ or Ni** with tungstate after 7 and 90 days in (a) 1M HCI, and (b) 0.5 M NaCl

3.2 Open circuit potential

Figure 3 depicts the E.,, fluctuation with time for the
Cu-10Ni alloy corroded in hybrid Cr**/ or Ni** with
tungstate in chloride medium after 7 days. The Eo
exhibits a positive displacement of around 50 mV
and a corrosion time of 7 days. This is attributed to
the protective oxide coating, which acts as an
inhibitory effect and causes corrosion on the Cu-10Ni
surface by reducing the reaction rate [30]. A
reduction in Clattack on the alloy surface and the
formation of a protective oxide coating resulted in a
decline in CR and homogeneous corrosion of Cu-
10Ni alloy. Frequently, first-stage corrosion results in
a smooth Cu-10Ni matrix. Activation regulates the

Egypt. J. Chem. 67, No. 7 (2024)

surface corrosion of the matrix due to the free
diffusion of CI  ions, dissolved oxygen, and corrosion
products. Through CI' interaction, marine Cu is
oxidized to CuO in the passivation zone, Cu,O in the
activation zone, and chloride. Cu,O, which is
thermally unstable, oxidizes readily to Cu ions. The
Cu,0 layer thickens, and a corrosion product coating
develops on the matrix during immersion. Halogen
ion, dissolved oxygen, and corrosion product
diffusion are all reduced with the combination of
protective oxide and corrosion product coatings. Due
to the increased potential, Cl adsorbed on the surface
layer, thickening the Cu,O film, which resulted in the
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formation of

cupric  chloride

hydroxide
(Cuy(OH);Cl), a porous, green corrosion product
[31]. Continuous CI" penetrates CuO film flaws and
decreases protective film resistance, causing localized

of CI' causes substrate pitting and microvoid
development [32]. The Cu dissolution creates new
corrosion active sites, which inhibits protective
coating and worsens localized surface corrosion.

collapse as corrosion continues. The vigorous assault

Figure 3: The potential vs. time for the Cu-10Ni alloy corroded in
M NaCl

3 POT measurements
The POT curvesfor Cu-10Ni alloy in hybrid Cr**/ or
Ni** with tungstate in 1 M HCI or 0.5 M NaCl after
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immersion 90 days are shown in Fig. 4. The curves in
the image trend toward less current and less negative
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potential, as seen by carefully examining it. This
finding points to the additive hybrid Cr’*/ or Ni**
with a tungstate inhibitory effect. The values of
potential corrosion (E.,), Tafel slopes (B, p.),
current density (I.,,), and rates of corrosion (CR) of
Cu-10Ni alloy in hybrid Cr’*/ or Ni** with tungstate
in 1M HCI or 0.5 M NaClare presented in Tables 3,
and 4, respectively. The results demonstrate that
adding Cr with tungstate for Cu-Ni alloysreduces I.,,,
values, which decreases the reduction with adding Ni
to Cr. The alloy's interaction with the Cu through
adsorption, which obstructs more active corrosion
sites, may be responsible for the decrease in CR. This

outcome is in line with the data from measurements
of weight reduction. Additionally, the presence of
hybrid Cr**/ or Ni** with tungstate causes a little
variation in the values of the Tafel constants for the
anodic, cathodic, and corrosion potential. According
to these findings, the additive functions as a mixed-
type inhibitor. This indicates that the molecules of the
additive adhere to the anodic and cathodic surfaces of
the alloy. A higher surface coverage of the Cu-10Ni
alloy is indicated by an increase in the (IE%) values
of the hybrid Cr** with tungstate in HCI and NaCl
from 58.0 % to 82.3 %.

600

- 1 M HCI

zw e {1 MHCI+'W
s 1 MHCI+= W = Ni
—— i MHCI+ W = Cr

Potential [mV]
AN
8 8
———

hybrid in TM HCI

T T

5 -4 3
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T T T

-2 = 0
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Figure 4: POT plots for Cu-10Ni alloy in hybrid Cr**/ or Ni** with tungstate after immersion 90 days in (a) 1 M HCl and (b) 0.5 M NaCl
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Table 3. POT parametersof Cu-10Ni alloy in hybrid Cr**/ or Ni** with tungstate in 1M HCl

o El,‘oﬂ' IL‘DI'V ﬂa ﬁ(:
Inhibitors mV mA/cm* mV/dec mV/dec CR mm/y e 2
Cu-Ni alloy -465.5 4.0789 104.5 -171.8 47.70 - --
Cu-Ni alloy +(W) -438.6 3.6517 90.7 -109.0 42.71 0.105 10.5
Cu-Ni alloy +(W+Ni) -429.8 2.8311 135.7 -99.0 33.11 0.306 30.6
Cu-Ni alloy +(W+Cr) -417.9 1.7127 914 -116.9 20.03 0.580 58.0
Table 4. POT of parametersof Cu-10Ni alloy in hybrid Cr**/ or Ni** with tungstate in 0.5 M NaCl
- Ecorr Leor Ba Be CR
Inhibitors mV mA/cm? mV/dec mV/dec mm/y 0 125
Cu-Ni alloy -569.8 1.7036 106.7 -194.4 19.92 - -
Cu-Ni alloy +(W) -577.1 1.4654 104.4 -172.5 17.14 0.139 13.9
Cu-Ni alloy +(W+Ni) -628.4 0.5702 105.3 -150.1 6.668 0.665 66.5
Cu-Ni alloy +(W+Cr) -592.3 0.3021 99.8 -1243 3.533 0.823 823

3.4 Cyclic voltammetry (CYYV)

Fig. 5 depicts the CYV curves for Cu-10Ni alloy in
hybrid Cr’*/ or Ni** with tungstate in 1 M HCI or 0.5
M NaCl after immersion for 90 days. The CYV
corrosion parameters such as E.or, Epins Epror, CR,and
1., are listed in Tables 5 and 6. The hybrid crt
Ni**with tungstate exhibits consistent passive
characteristics throughout a broad potential range,
followed by an increase in E.,, values towards more
negative values in comparison to the addition of 1 M
HCI or 0.5 M NaCl to Cu-10Ni alloy free. The
sample exhibited enhanced efficiency after the
introduction of hybrid Cr**/ Ni**, as shown by the
complete elimination of the hysteresis loop seen

Egypt. J. Chem. 67, No. 7 (2024)

during the inverse anodic scan, which served as an
indicator of pitting corrosion. Commonly, the CYV
curves' hysteresis loop area immediately indicates
localized corrosion. For instance, a large hysteresis
loop area implies corrosion vulnerability. The reverse
anodic scan shows a hysteresis loop, suggesting
pitting. The passive surface pitting is caused by
chloride ions competing for adsorption at the
metal/oxide layer contact. At a certain chloride
concentration, a pitting potential displaces oxygen
from the protective oxide layer.
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Table 5 The CYV plots parameters forCu-10Ni alloy in hybrid Cr**/ or Ni** with tungstate in IM HCI1

Inhibitors (V%?E ) (mk}’ng) E,u(VISCE) (V%E‘;E ) 0 (’,2)
SRl 04615 193010 0.1905 -0.4485 - -
Cu-Ni alloy +(W) 0.4674 11.9578 0.1695 04140 | 0381 | 381
Cu-Ni alloy +(W-+Ni) 04745 104637 0.1630 04562 | 0458 | 458
Cu-Ni alloy +(W-+Cr) 04732 7.2562 0.1471 04484 | 0624 | 624

Table 6 The CYV plots parameters forCu-10Ni alloy in hybrid Cr**/ or Ni** with tungstate in 0.5 M NaCl

) Ewrr Iwrr . EP’”’
Inhibitors (VISCE) ( - E,i(V/SCE) (VISCE) 0 IE (%)
Cu-Ni alloy -0.5771 1.4654 0.1878 -0.5581 - -
Cu-Ni alloy +(W) -0.5703 0.7884 0.1815 -0.5492 0.462 46.2
Cu-Ni alloy +(W+Ni) -0.5712 0.7278 0.1800 -0.5610 0.503 50.3
Cu-Ni alloy +(W+Cr) -0.5777 0.5799 0.1755 -0.5473 0.604 60.4
200 hybrid in 1M HCI
— 1 M HCI
— 1 MIHCE + W
o 4 —-] MIHCI + W + Ni
= — 1 MIHCI + W + Cr
=
=
s 200
=)
=
400
-600
-5 -4 -3 -2 -1 o
log I (Afcm?)
@)
200 - hybrid in 0.5 M NacCl
— 0.5 M N acCl
o 0.5 M N aCl + W
= 0.5 M N aCl + W = Ni
= — (.5 M N aCl + W + Cr
= - i
£ 200
S
[
<400
<00 -
-5 - = 2 -1
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Figure 5: The CYV curves for Cu-10Ni alloy in hybrid Cr3+/ or Ni2+ with tungstate after immersion 90 days in (a) 1 M HCl and (b) 0.5 M
NaCl
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3.5 Surface Examination

As explained in Figs 6-15, the SEM pictures, EDX
analyses, and mapping investigated the surface
morphologies, chemical compositions, and elemental
distribution of corrosion product coatings formed on
the alloy matrix after 7 days and 90 days. After 7
days of corrosion, the surface of the sample
developed small pits, and the extent of the corrosion
gradually expanded over time. The resultant layer
may have been constituted of cuprous oxide (Cu,O)
and cupric oxide (CuO and Cu(OH),), according to
the EDX [7, 33]. The Ni corrosion that takes place on
the surface of the sample degrades the performance
of the film in certain areas. Inner and outer layers of
Cu,O are present in the film; the outer layer is
generated by the process of deposition of dissolved
Cu™. A protective and more compact Cu,O coating
constitutes the innermost layer. There are flaws,
twins, or Cu matrix grain boundaries underneath the
corrosion product coating. Due to their composition
and structure, the corrosion product coating develops
more slowly in these regions than in the
intergranular. Oxidation products were produced in
the outermost layer and their concentration escalated
as the corrosion process progressed. The strength of
the corrosion product layer is inferior to that of its
internal stress.

Thus, film cracks occur due to the porosity nature of
the corrosion products, which makes them easily
detached from the sample. Cu-10Ni alloy SEM
pictures in HCI and NaCl without hybrid Cr**/Ni*
with tungstate or tungstate alone. Figs 6a, 8a, 11a,
and 13a demonstrate that the Cu alloy surface is
highly corroded and that various corrosion products
have formed on its surface. The whole surface is
coated with a black corrosion result that resembles

scales. In contrast, in the presence of hybrid Cr’*/ or
Ni** with tungstate or tungstate alone, as seen in Figs
6, 8, 11, and 13 (b, c, and d). The surface is textured
with little divots. The observed morphologies
indicate the absence of corrosion products. As a
result, tungstate alone or hybrid Cr’*/Ni** with
tungstate may be used as a salt solution inhibitor to
decrease the abrasiveness of CI” ions and improve the
electrode's surface condition. Cu-10Ni alloys
immersed in HCI and NaCl exhibit corrosion product
deposits on their surfaces, including both a level zone
and a sizable hole. This indicates that exposure to
HCI and NaCl causes pitting corrosion in the Cu-10
Ni alloy. It is critical to assess the elemental
composition of the Cu-10Ni alloy's surface. The
percentage was ascertained using EDX analysis of
the constituent composition of Cu-10Ni alloy. The
EDX spectra of Cu-10Ni alloys in HCI and NaCl,
with or without the hybrid Cr’**/ or Ni** with
tungstate, are shown in Figs 7, 9, 12, and 14 after 7
days and 90 days.

The SEM images of the Cu-10Ni alloys in 1M HCI
and 0.5M NaCl after 90 days with different additions
are presented in Figs. 8 and 13, respectively. While
the mapping of the elemental distribution of the Cu-
10Ni alloys in 1M HCI and 0.5M NaCl after 90 days
with different additions are given in Fig. 10 and 15,
respectively. Mapping indicates a good distribution
of inhibitors in the two cases. The EDX analyses of
them after 7 days and 90 days are shown in Tables 7
and 8. A rise in the duration of immersion led to a
reduction in both the corrosion rate and oxygen
content, except for a drop in tungstate when Cr’* was
introduced. It might be the result of the development
of a protective coating of Cr,0s.

Figure 6: The SEM morphologies for the Cu-10Ni alloy after 7 days immersed in 1 M HCI with the addition of (a) zero, (b) tungstate, (C)

tungstate and Cr™*ions, and (d) tungstate and Ni**ions

Egypt. J. Chem. 67, No. 7 (2024)



EVALUATION OF IMPROVEMENT OF CORROSION EFFICIENCY OF ---

211

.cps/ev
9
8.
75
ol m .
‘.
3 |
2.
, 1
0 . '

cps/eV

L R —

2 4 6 8 10 12 14 16 18 2 8 10 12 14 16 18 20
keV keV
@ (b)
cps/eV
: 1,0
6
10
Se
| SN
431 ¢u N oW AN &
ol wl o Cu g0 W N ow
3 1
l ‘
2
l “ Ll l
0 - - A RS 0 A —
2 4 6 8 10 12 14 16 18 2 2 8 :"v 2 u 16 18 21
keV e
(c) (d)

Figure 7: The EDX analyses for the Cu-10Ni alloy after 7 days immersed in 1 M HCI with the addition of (a) zero, (b) tungstate, (C)
tungstate and Cr’** ions, and (d) tungstate and Ni2+ ions
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Figure 8: The SEM morphologies for the Cu-10Ni alloy after 90 days immersed in 1 M HCI with the addition of (a) zero, (b) tungstate, (C)
tungstate and Cr™* ions, and (d) tungstate and Ni**ions
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Figure 9: The EDX analyses for the Cu-10Ni alloy after 90 days immersed in 1 M HCI with the addition of (a) zero, (b) tungstate, (C)

tungstate and Cr3+ ions, and (d) tungstate and Ni2+ ions

Table 7. The EDX results for different conditions after 7 and 90 days in 1M HCI media

Elements, wt.%
Inhibitors Days
cl 0 Ni w Cr Cu
7 23.6 218 0.6 - - Bal.
Cu-Ni alloy

90 157 332 3.0 - - L2
7 31.0 11.6 1.0 0.1 - Bal.
Cu-Ni alloy +(W) .
90 18.0 24.6 27 02 - :
7 35 11.4 038 02 02 Bal.
Cu-Ni alloy +(W+Cr) a0
90 20 42 8.0 14 03 :
7 15.6 28.6 1.1 19.2 - Bal.

Cu-Ni alloy +(W+Ni)
90 03 35 10.0 15 - Bal,
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Figure 10: Mapping of Cu-10 Ni in 1M HCI for 90 days (a) Cu-10Ni, (b) Cu-10Ni +W, (c) Cu-10Ni+(W+Cr), and (d) Cu-10Ni +(W+Ni)
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Figure 11: The SEM morphologies for the Cu-10Ni alloy after 7 days immersed in 0.5 M NaCl with the addition of (a) zero, (b) tungstate,
(C) tungstate and Cr3+ ions, and (d) tungstate and Ni2+ ions
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Figure 12: The EDX analyses for the Cu-10Ni alloy after 7 days immersed in 0.5 M NaCl with the addition of (a) zero, (b) tungstate, (C)
tungstate and Cr™* ions, and (d) tungstate and Ni**ions

Figure 13: The SEM morphologies for the Cu-10Ni alloy after 90 days immersed in 0.5 M NaCl with the addition of (a) zero, (b) tungstate,
(C) tungstate and Cr**ions, and (d) tungstate and Ni** ions
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Figure 14: The EDX analyses for the Cu-10Ni alloy after 90 days immersed in 0.5 M NaCl with the addition of (a) zero, (b) tungstate, (C)

tungstate and Cr**ions, and (d) tungstate and Ni**ions

Table 8. The EDX results for different conditions after 7 and 90 days in 0.5M NaCl media

Elements, wt.%
Inhibitors Days
Na cl o Ni w Cr Cu
7 - 72 25.7 6.7 - - Bal.
Cu-Ni alloy
90 0.7 11.5 229 33 - - L
7 0.6 8.0 322 3.6 45 - Bal.
Cu-Ni alloy +(W) Bal
90 - 02 15.1 49 9.0 - '
7 0.4 02 16.4 6.6 10.4 2.1 Bal.
Cu-Ni alloy +(W+Cr) Bal
90 42 2 26.4 33 18.0 52 '
7 - - 13.1 9.56 8.1 - Bal.
Cu-Ni alloy +(W+Ni) o
90 0.1 0.1 10.2 12.4 26.5 = ak
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Figure 15: Mapping of Cu-10 Ni in 0.5M NaCl For 90 days (a) Cu-10Ni, (b) Cu-10Ni +W, (c) Cu-10Ni+(W+Cr), and (d) Cu-10Ni +(W+Ni)

Corrosion Mechanism
Redox corrosion describes the behaviour of Cu-Ni concentration, CI” reacts with Cu” more readily than
alloys in a neutral chloride solution [34]. At the same OH" in the chloride solution [35]. Consequently, the
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primary agent accountable for the deterioration of Cu
or Cu alloys when exposed to saltwater is Cl".The
cathodic reaction entails the reduction of oxygen,
while the anode reaction includes the dissolution of
Cu [34]. The procedure for a cathodic reaction is:

0, + 2H,0 + 4e” < 40H" ©6)

The dissolution of Cu form to cuprous dichloride
anion (CuClz_) is the anodic reaction, which is
believed to be the primary dissolving mechanism in
saltwater or NaCl [36, 37].

Cu + 2Cl & CuCl* + ¢~ 0

A rise in the surface concentration of CuCl*” initiates
a hydrolysis reaction (Cu,O formation) [38, 39] as in
the following reaction:

2CuCl, + 2H,0 <> Cu,O + 4C1' + 2H"  (8)

Based on the Pourbaix diagram of Cu [40], when
exposed to saltwater at a temperature of 25 °C and
under experimental circumstances, Cu,O retains the
capacity to undergo oxidation to CuO or Cu,(OH);ClI
at the corrosion product surface via Eqs (9) and (10)
[6]:
Cu,0 + H,O « 2CuO + 2H+ + 2¢” )
Cu,0+Cl- + 2H,0 < Cu,(OH);Cl + H+ + 2e™ (10)

The Ni** contribution to improving sample surface
film protectivity. The addition of CuO, NiO,
Cu(OH),, and Ni(OH), to the produced surface film
may have improved the Ni**, making the film more
protective [12]. Local acidification inside the pores of
the corrosion products is readily possible in a highly
concentrated chloride solution [41]. Therefore, Eq.
(9) predominates throughout the re-oxidation process
of Cu,0. Cu,0 is deficient in p-type semiconductor
elements. A drop in Cu,O content and a rise in CuO
and Cu(OH), content are seen on the surface of the
sample. This results in a reduction in electron
conductivity and an improvement in CRST.
Additional Cu oxidation may be expressed as:
Cu,0 + O, + H,0 < 2Cu0O + H,0, (11)
Cu,0 + 3H,0 <> 2Cu(OH), + 2H" + 2¢”  (12)

The addition of tungsten led to enhanced CRST of
the alloys due to the passive layer WOj; formation
increasing with the increase in the content of tungsten
[42]. The anodic process is the dissolution of
tungsten as in Eq. 13 [43]:
W +4H,0 > WO0;~ +8H" +6e (13)
At elevated temperatures, the mechanical, oxidation,
and CRST properties of other metals are enhanced by
the addition of Ni [44]. Egs. 14 and 15 [45]
demonstrate that Ni may include NiO and Ni(OH),.
Ni + H,O — Ni(OH), + 2H" + 2¢~ (14)
Ni(OH),— NiO + 2H" + 2¢~ (15)
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As seen in Fig. 7, a schematic depicting the chemical
constitute of the Cu-Ni alloy's surface layers at
various depths is the consequence of each of these
findings. The oxygen ions undergo a fast reaction
with the metal at the interface of the two substances,
resulting in the formation of oxides. This process
produces oxygen that is chemically active and further
enhances the chemical interaction between the
oxygen ions and the metal ions. With the extension of
the treatment time, the oxide film undergoes external
expansion, leading to the development of a
significant layer on the surface of the alloy [46, 47].
Therefore, the CRST of Cu-Ni alloy immersed in a
3.5% NaCl solution may experience an elevation.
This can be attributed to the generation of cation
vacancies at the Cu-Ni film interface, which is caused
by the Ni ions' diffusion rate from the Ni-film
interface to the film-solution interface.

The Cr concentration enhances the passivation
capability of alloys in chloride-containing aqueous
solutions, hence enhancing the passive coating's
durability and pitting CRST. This is due to the
formation of Cr,0s. In contrast, excessive Cr induces
severe pitting corrosion owing to Cr segregation as in
Eq. 16 [13, 47].

2Cr + 3H,0 — Cr,0;3 + 6H" + 6¢~ (16)
Cr,O; decreases the substrate's active surface area
and encourages Cu,O to grow as a cathode. The
entire Cu,O layer that accumulates during outward
re-precipitation plays a major role in controlling the
alloy's corrosion process as immersion time
increases. Because the radii of Cr’* and Cu® are
comparable, it has previously been reported that Cr
might be integrated into the Cu,O lattice [13].
According to the findings of POT curves, the addition
of Cr may help increase the corrosion film's
resistance even further. The corrosion behaviour of
the Cu-10Ni alloy thus indicates that the addition of
Cr’* raises the protective ability of the corrosion film
[13].

Conclusion

The Cu-10Ni alloy corrosion characteristics in hybrid
Cr’* or Ni** with tungstate in 1M and 0.5M NaCl for
7 and 90 days can be summarized as the following:

1. A hybrid Cr’*/ or Ni** formulation with
tungstate or tungstate alone can serve as a
potent inhibitor to prevent the occurrence of
corrosion of Cu-10Ni alloy in 1 M HCI and
0.5 M NaCl.

2. The OCP revealed that after seven days of
exposure, the E.,, switched in a positive
direction due to the protective oxide film
inhibiting effect on the corrosion of the Cu-
10Ni surface, which occurred because of the
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reduction in reaction rate and the CI™ attack on the
surface. The tungstate-hybrid Cr’* exhibits a
remarkable corrosion efficiency index percent (IE%)
of around 82% in 1M HCI and 68% in 0.5M NaCl.

3. POT and CYV plots show that the additions
of Cr’* with tungstate to Cu-10Ni alloys
have the best CRST in two acidic media (0.5
NaCl, 1 HCl). The CR values of Cu-10Ni
alloy are 20.03 and 3.53 mm/y in 1 M HCI
and 0.5 M Na(l, respectively.

4. The corrosion byproduct that formed on the
surface of the Cu-10Ni alloy consisted
mostly of CuO, Cu,O, and Cu(OH),. An
extension in the duration of exposure led to
the deposition of CuCl, CuCl,, and
Cu,(OH);Cl on the alloy's surface, therefore
affording a modest level of resistance
against corrosion. Thus, these enhance the
corrosion resistance of Cu-10Ni alloy in
industrial applications.

Although the Cu-Ni alloys have a variety of
applications in marine engineering we will
investigate in the future work the corrosion evolution
in various corrosive media using environmentally
friendly waste products.
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