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Abstract: Cupronickel alloys have found widespread use in
various applications such as heat exchangers, refrigeration
systems, equipment, pumps, and pipes. However, the inherent
structure of cupronickel alone may not be able to withstand
certain aggressive environments effectively. To address this
issue, the mechanical properties and corrosion resistance of
cupronickel alloys can be enhanced by carefully selecting the
appropriate alloying compositions. The addition of nano chro-
mium (20 nm) has been proposed as a means of designing
cupronickel alloys with improved performance. In the present
study, corrosion and erosion–corrosion behaviors of cupro-
nickel 70/30 alloys produced by the casting method without
andwith three different additions of nano Cr (1, 1.2, and 1.5wt%)
were investigated. The prepared specimens were subjected to
electrochemical tests in 3.5 wt% sodium chloride solutions to
evaluate their corrosion behavior. Additionally, an erosion–
corrosion test was conducted at an impact angle of 90°, using
a slurry solution containing 1 wt% SiO2 sand in 3.5 wt% NaCl
solution as the erodent. The specimens were comprehen-
sively characterized using scanning electron microscopy,
energy-dispersive X-ray spectroscopy, and X-ray diffraction
techniques. The surfaces of the alloy specimens exhibited
superficial attacks, but no pits were observed. Moreover, the
surfaces developed a greenish coloration. The electroche-
mical tests conducted using saline solution revealed that
the corrosivity of the cupronickel alloy with nano chromium
addition varied from moderate to low, depending on the
selected concentration. Despite undergoing corrosion in
the saline environment, the modified cupronickel alloys

demonstrated good resistance to this corrosive process.
Therefore, they can be considered suitable for use in highly
aggressive environments, such as in seawater capture sys-
tems. The erosion–corrosion test results indicated that the
addition of nano chromium significantly enhanced the resis-
tance of the specimens to erosion–corrosion. At 1.5 wt% Cr,
the erosion–corrosion rate was reduced by 99.27%.

Keywords: alloying elements, cupronickel 70/30 alloy, cor-
rosion behavior, structural changes

1 Introduction

For over 60 years, copper and copper–nickel alloys (known
as cupronickels) have been utilized in seawater applications,
such as heat exchangers, condensers, pipes, and pumps,
thanks to their excellent corrosion resistance. Previous
reports [1–4] have established that incorporating nickel
into copper to form cupronickel alloys produces materials
that are highly resistant to corrosion. As a result, cupro-
nickel alloys have found use in constructing equipment
for various chemical industry applications. The primary
reason for the resistance of corrosion of cupronickel alloys
is the creation of a protective oxide film developed on the
surface. This film, composed of Cu2O and CuO, acts as a
barrier that prevents the corrosive medium from reaching
the metal matrix, thus halting further corrosion. When
nickel is added to the Cu2O film, the corrosion rate of the
alloy can be reduced even further [5–8].

In flowing conditions, well-formed corrosion product
films can effectively resist fluid erosion–corrosion and
shield the substrate metal. However, copper–nickel alloy
tubes still experience premature failures worldwide, which
is mainly due to the corrosion product films’ breakdown in
moving fluid. This illustrates the need to develop a more
thorough comprehension of the creation and progression
of copper–nickel alloy corrosion product films in a flowing
environment. Micro-alloying is an effective means of
improving the corrosion resistance of cupronickel alloys
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[9–12]. Chromium, a transition metal element, has similar
electron configuration and atomic radius to Fe, Mn, and Ni
[13], and is frequently employed as an alloying element to
enhance the resistance of corrosion of alloys [14]. Studies
on the role of Cr in iron- and aluminum-based alloys have
been conducted [15,16]. Taher et al. [13] and Zhang et al. [17]
examined the electrochemical properties of cupronickel
alloys with various elements of alloying and discovered
that Cr could decrease the corrosion rate and corrosion
current density of the alloy. However, these investigations
were unsuccessful in revealing the Cr evolution in the cor-
rosion product film or provide a detailed explanation of
the mechanism by which Cr enhances the corrosion resis-
tance of cupronickel alloys. As a result, it is essential to
examine the effect of nano-alloying Cr elements in enhan-
cing the resistance of corrosion of cupronickel alloys.

This study aims to investigate the effect of chromium
as an element for alloying in enhancing the corrosion resis-
tance of specific nickel-base casted alloys. Chromium has
been recognized as a critical component in various alloys,
and this study seeks to examine its role in improving the
alloys’ corrosion resistance under different environmental
conditions. To accurately measure the effect of Cr on corro-
sion resistance, a 3.5% NaCl solution was used to assess the
corrosion resistance of Cr-free alloys and compare them to
those with varying amounts of Cr content. In addition to
corrosion resistance evaluation, microstructural analysis
was conducted to provide further insights into the role of Cr.

2 Experimental work

2.1 Alloy preparation

To produce cupronickel alloys, an electrolytic grade ingot
copper with a minimum purity of 99.995% was used.
Nickel, with a purity of 99.85%, was obtained from anode
plates, and 99.9% pure nano (20 nm) Cr was used as raw
materials.

Melting was performed in an electric furnace with a
2 kg capacity clay–graphite crucible coated with zircon,
using graphite for stirring or plunging alloying elements.
All melts were conducted in an oxidizing atmosphere using
a flux, and a coagulant was added to thicken the flux resi-
dues for skimming and to prevent slag entrainment in the
metal stream.

The cupronickel alloys were melted by first charging
the crucible with the necessary metals, then heating them
within a temperature range of 1,280–1,350°C for cupronickel

70/30 alloy and Cr (1, 1.2, and 1.5 wt%)-modified cupronickel
70/30 alloy. Deoxidization was achieved by plunging deox-
idizing manganese tubes into the melt. Once the slag coagu-
lant cover was skimmed, the crucible was moved to the
pouring area. The melting and casting process took between
100 and 120min, depending on the charge or melt condition,
and after pouring, the castings were left to cool in the molds
for at least an hour before being shaken out. In order to
prevent severe micro-segregation, or coring, during the soli-
dification of the cupronickel alloys, the researchers employed
a heat treatment process called homogenization.

This involved subjecting some test bars to a programmed
heat furnace for a typical soaking time of 5 h [18]. The homo-
genization temperature was typically set slightly above the
upper annealing range, usually within 50°C of the solidus
temperature, and was determined to be approximately
1,050°C for all cupronickel alloys. By homogenizing the
alloys in this way, the researchers were able to eliminate
micro-segregation and achieve a more uniform structure. To
achieve homogenization of cupronickel alloys, similar pre-
cautions as those used during annealing were employed.

This includes controlling the furnace atmosphere to
manage surface and internal oxidation. However, it is impor-
tant to note that heating the castings too quickly may cause
segregated phases to liquefy, posing a significant risk.
Therefore, castings should be carefully supported and heated
gradually through the final 100°C. All prepared specimens
plus additives in weight percentage are given in Table 1.

2.2 Electrochemical polarization
measurements

2.2.1 Test specimens

A piece of 14 mm diameter specimen was cut from the cast
alloys after heat treatments. The surface to be tested is
ground with SiC papers of grades 180, 320, 500, 600, 800
and 1,000, respectively. This process was followed by two
stages of polishing. The first stage used diamond paste
having particles of 3 µm diameter, while the second stage
used 1 µm diameter of diamond paste in order to obtain a
good polished surface. The specimens were subjected
to ultrasonic cleaning for 3 min after the above process
to eliminate any residues that may have accumulated
[19,20]. Afterward, the specimens were placed in a con-
ventional polarization cell of 200 mL. The cell contained a
platinum counter electrode, a working electrode, and a satu-
rated calomel reference electrode, as shown in Figure 1.

Using an Autolab potentiostat, the curves of polariza-
tion were created by sweeping the voltage at a rate of
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60 mV/min over the range of −250 to +250 mV relative to
the open-circuit voltage. The measurements were con-
ducted at a temperature of 25°C without agitation, in a
saline solution with 3.5 wt% NaCl.

The solution was prepared by adding appropriate
quantities of NaCl to deionized water. The pH was main-
tained at 6.5 ± 0.5, and the test temperature was 27 ± 3°C. To
ensure reproducibility, all measurements were repeated at
least three times. The corrosion rate can be calculated
using the following equation [21]:

= × ICR 22.85 ,corr (1)

where Icorr is the current density of corrosion.

2.2.2 Micro-hardness test

The Vickers micro-hardness test was performed on all speci-
mens using a load of 500 g and a holding time of 20 s [22]. A
light optical microscope with a magnification of ×200 was
attached to the Vickers instrument to aid in the examination.
Four readings were taken for each specimen to account for

the possibility of surface pores affecting the hardness mea-
surements. The measurements were taken automatically and
recorded straight from the digital screen of the instrument.

2.2.3 Erosion–corrosion test

Erosion is a type of mechanical wear that results in mate-
rial losses from solid surfaces due to the impact of solids,
liquids, or gases. In this study, a device for testing erosion–
corrosion was created according to ASTM (G 73) standards
and is illustrated in Figure 2. The device includes a cylind-
rical plastic tank that is 50 cm tall and 30 cm in diameter.
The specimen is positioned vertically in front of a jet nozzle
(d = 0.75 mm), which is used to deliver various media at
high pressures. A 1 HP Teflon chemical pump (single-phase
electrical motor) is used to draw the media from the tank
and maintain a distance of 10mm between the specimen and
the nozzle. The chemical pump and PVC plastic valves and
pipe joints are designed to withstand the corrosive effects of
the chemical solution and slurry [23].

2.2.4 X-Ray diffraction (XRD)

To examine the phases present in the as-cast cupronickel
alloys, before and after exposure to a corrosive environment,
a copper target was used, with Cu Kα radiation of wavelength
1.541838 Å, which was passed through a nickel filter. A start
angle 2θwith 10° was used as this represented a position below
the first peak. The test was stopped at 2θ of 90°.

3 Results and discussion

3.1 Microstructural characterization

The microstructure of ingots is affected highly by casting
conditions. Figure 3a shows a longitudinal section from
13mm in diameter of the 70/30 cupronickel billet. Some

Table 1: Chemical composition of alloys investigated in this work

Synthesized composition Specimen code Analyzed composition (wt%)

Cu% Ni% Cr%

Cupronickel 70/30 alloy A Bal. 30 —

Cupronickel 70/30–1% Cr B1 Bal. 30 1
Cupronickel 70/30–1.2% Cr B1 Bal. 30 1.2
Cupronickel 70/30–1.5% Cr B1 Bal. 30 1.5

Figure 1: Corrosion test, conventional electrode cell (3.5 wt% NaCl).
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dendrites appear to be equiaxed. Figure 3b shows a long-
itudinal section from 13mm in diameter for the Cr-modi-
fied 70–30 cupronickel billet. The constituent chromium
characterizes the dendrites in the homogenous cored struc-
ture with the solute elements filling up the interstices
between the arms. Note that the dendrite arm spacing is
the finest because the chromium addition leads to refining the
structure. The Cr modified cupronickel has lower thermal con-
ductivity than other cupronickel alloys. Energy-dispersive X-ray
spectroscopy (EDS) analysis was used to examine the chemical
composition of the formed phases/precipitates in cupronickel
70/30 alloy without and with 1.0, 1.2, and 1.5wt% Cr alloys.

The results are depicted in Figure 4a and b and Table 2.
Chromium appears as an additive to the cupronickel 70/30
alloy. The XRD results in Figure 5 reveal the phases present
in the casted cupronickel 70/30 alloy. It can be observed
that the structure of the casted alloy is almost identical,

with only the peaks of the α matrix obtained for all pre-
pared alloys.

However, the XRD examination does not provide infor-
mation about the elements present in the alloy because it
only scans the inter-metallics that occur within the struc-
ture, and not the elements forming the matrix. Figure 5a
shows the diffraction pattern of the deflected X-rays of the
cupronickel 70/30 alloy without the addition of chromium,
while Figure 5b shows the diffraction pattern of the dif-
fracted X-rays after the addition of 1.5% Cr. The comparison
between the two figures makes it evident that chromium is
not present in significant amounts, as its percentage falls
below the diffraction limits of the XRD technique. Nonethe-
less, the impact of chromium on corrosion resistance is
clearly noticeable.

3.2 Polarization curve measurements

The fresh surface of the four unetched specimens is depicted
in Figure 5, which displays the anodic polarization curves.
The corrosion potential (Ecorr) of cupronickel 70/30–1.5% Cr
alloy (about −165.84mV) while cupronickel 70/30 alloy (about
−183.67mV), and the Icorr of Cupronickel 70/30–1.5% Cr alloy
(9.86 µA/cm2) is lower than that of cupronickel 70/30 alloy
(20.82 µA/cm2). The findings demonstrate that the cupronickel
70/30–1.5% Cr alloy is more susceptible to passivation com-
pared to the cupronickel 70/30 alloy, indicating better corro-
sion resistance.

The reason behind this can be attributed to the fact
that Cr exhibits a preferential passivation over Cu and has
a lower passivation current density, as reported by pre-
vious studies [24,25]. Additionally, the shift in the corrosion

Figure 2: Erosion–corrosion device according to (G 73) ASTM.

Figure 3: Scanning electron microscopy (SEM) of (a) cupronickel 70/30 alloy as cast and (b) cupronickel 70/30–1.5 wt% Cr alloy as cast.
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potentials to less negative values with increasing chro-
mium content is consistent with the previous findings by
Ekerenam et al. [24]. In addition, the study findings suggest
that the alloys corroded by Cl− are prone to higher corrosion
rates, possibly because of the greater number of active sites
available for oxygen or adsorption of chlorine, which can be
linked to the increased alloy surface roughness (Figure 6).

The electrochemical characteristic parameters, such as
the corrosion potential (Ecorr) and Icorr (µA/cm2), are sum-
marized in Table 3. The alloys’ corrosion current density
gradually decreases with increasing chromium content,

Figure 4: EDS analysis of (a) cupronickel 70/30 alloy as cast and (b) cupronickel 70/30–1.5 wt% Cr alloy as cast.

Table 2: EDS analysis of cupronickel 70/30 alloy as cast and cupronickel
70/30–1.5 wt% Cr alloy as cast

Synthesized composition El Norm (wt%)

Cupronickel 70/30 alloy Cu 68.07
Ni 31.93
Total 100

Cupronickel 70/30–1.5% Cr Cu 66.91
Ni 31.76
Cr 1.33
Total 100

Figure 5: XRD analysis of (a) cupronickel 70/30 alloy as cast and (b) cupronickel 70/30–1.5 wt% Cr alloy as cast.
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which is thought to be due to the creation of a protective
passive film [26]. These results suggest that the corrosion
resistance of cupronickel 70/30–1.5% Cr is significantly
better than that of the other alloys.

3.3 Microhardness result

According to the procedure mentioned in the study of Jabr
and Dawood [27], the hardness of the cupronickel 70/30 alloy is
108 g/µm2, which increases to 117, 120, and 128 g/µm2 with the
addition of 0.5, 1.2, and 1.5wt% Cr, respectively. The most effec-
tive addition of Cr was found to be 1.5 wt%, which is attributed
to the refinement of grains resulting from the inhibiting effects
of the Cr element on grain growth within the solid solution.

3.4 Erosion–corrosion results

The results of the erosion–corrosion tests for cupronickel 70/
30 alloy are shown in Figure 7. The tests were performed for

30 h with and without 0.5, 1, and 1.5 wt% in slurry solution
(3.5 wt% NaCl with 1% SiO2) at an impact angle of 90°. The
data were collected every quarter of an hour during the first
hour, every half hour during the second hour, and every
hour after that. The specimen was cleaned with water and
alcohol, dried under hot air, and the weight change was
measured. Figure 7 shows that the curves fluctuate due to
repeated formations and fractures of the protective surface
layer. The erosion–corrosion rate decreases when this layer
forms on the alloy’s surface but increases when it breaks
down, depending on the impact force and adhesion value on
the alloy’s surface [28]. During the initial immersion in the
corrosive solution, the rate of erosion–corrosion (Figure 7)
was higher due to the ease of removing the created corro-
sion and exposing a new metal surface to the corrosive
media. Additionally, the area covered by the deformed
zones that were produced by the impact of the erodent is
directly proportional to the exposure time at a constant
slurry speed [29]. By analyzing Figure 7, it can be observed
that the addition of Cr elements to the base alloy results in a
lower erosion–corrosion rate. This can be attributed to the
increased alloy hardness with the addition of Cr, which was
previously demonstrated, and this increase enhances their

Figure 6: The polarization curves of cupronickel 70/30 without and with
1, 1.2, and 1.5 wt% Cr alloys after being introduced into a solution of
3.5 wt% NaCl.

Table 3: Characteristic parameters obtained from the polarization
curves of four alloys after being exposed to 3.5 wt% NaCl solution

Specimen
code

Current density
(µA/cm2)

Ecorr (mV) Corrosion rate
(mm/year)

A 20.82 −183.67 0.475
B1 17.59 −181.65 0.401
B2 12.17 −175.73 0.278
B3 9.86 −165.84 0.225

Figure 7: Erosion–corrosion rate for cupronickel 70/30 alloy–x% Cr.

Table 4: Erosion–corrosion rate and enhancement for the prepared
alloy

Specimen
code

Erosion–corrosion rate
(g/cm2 h)

Improvement (%)

A 0.137 —

B1 0.027 80.29
B2 0.005 96.35
B3 0.001 99.27
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ability to resist erosion. Moreover, the cohesion of the pro-
tective oxide layer is improved by the addition of chromium.
Table 4 displays the erosion–corrosion rate degradation and
enhancement rates for the utilized alloys.

It can be observed from Figure 8a and b that the base
alloy is more prone to erosion compared to the alloys with
added Cr, as the base alloy (cupronickel 70/30 alloy) has
lower hardness (HV of 108), while cupronickel 70/30–1.2%
Cr has a higher microhardness measurement of 128.

4 Conclusion

This study aimed to investigate the corrosion and erosion–
corrosion behavior and microstructures of casted cupronickel
70/30 alloys without and with 1, 1.2, and 1.5 wt% Cr addition.
The findings of this study can be illustrated as follows:
1. The SEM images revealed the formation of pores within the

structures and oxidized regions around the formed phases.
2. The XRD examinations identified the peaks belonging to

alpha (α) matrix Cu–Ni phase in the cupronickel 70/30
alloys.

3. The addition of 1.2 wt% Cr to the base alloy resulted in a
526% reduction in the corrosion rate compared to the
reference specimen in 3.5 wt% NaCl solution.

4. The cupronickel 70/30 alloy exhibited the highest cur-
rent density, while the addition of Cr showed the lowest
current density.

5. The addition of chromium at different percentages (1,
1.2, and 1.5 wt%) resulted in an improvement in hard-
ness by 8%, 11%, and 19%, respectively.

6. With the addition of Cr, the rate of metal loss due to
erosion is reduced, and the alloy demonstrates better
resistance to erosion–corrosion. As the percentage of
Cr addition increases, the alloy’s resistance and stability
also improve compared to the base alloy.
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