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Abstract

The present paper involves studying of the corrosion behaviour of five layers Cu/Ni Functionally Graded Materials (FGMs) in a 3.5 %
NaCl solution to examine corrosion potentials (Ecorr.), corrosion current densities (icorr.) and Tafel slope. Three series of FGMs samples,
labeled Ai-As, Bi-Bs, and Ci-Cs were prepared using different experimental conditions of compaction pressure (0.7, 1 and 1.3 MPa),
sintering temperature (650, 750 and 850°C) and sintering time (1 and 2 hours). The polarisation method was conducted at 3 mV/s of a scan
rate, and room temperature. According into the potentiodynamic polarization test, it was found that the sintering time of 2 hrs at constant
temperature, and pressure enhances the corrosion potential towards stabilization the protective surface layer. As, A4 are samples
designation corresponding to different experimental settings determined by design of experiments. Corrosion current density
measurements showed that A4 sample had the highest (673.20 pA/cm?), while A3 sample had the lowest icorr (0.8508 nA/cm?). Tafel slope
analysis revealed that A3 sample had the highest anodic, and cathodic slopes, and was associated with the lowest corrosion rate. The
corrosion resistance (Rp) data supported these results, with A3 showing the highest resistance, confirming its superior corrosion resistance
(Rp). This behaviour may be related into the noble properties of copper, and the protection of cupric oxide (CuO) compared to (NiO).
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1. Introduction throughout the material [1, 2]. The materials of this group of
presents a remarkable enhancement of previously used composite
materials. FGM contains two or more materials whose
combination permits certain characteristics achievement in
accordance with the required application [3]. There are number of
approaches to acquire the compositional gradient in the
composite. This includes the solid phase, liquid phase and gas
: . . phase, which can be used to physically or chemically achieve
wear or corrosion. While the enhgncement 'of the corrosion tailored properties [4]. Advancements in manufacturing
resistance of Cu-Ni alloys has received .con51d.erable attention, techniques like additive manufacturing and Chemical Vapor
there is a death of research on the corrosion res1sta1}ce of multi- Deposition CVD have enabled the production of FGMs with
layered Cu-Ni alloys. Functionally graded materials (FGMs) complex geometries and tailored gradients that enhance

represent a  significant advancement in materials science, performance under extreme conditions [5]. Functionally graded
characterized by a gradual variation in composition and properties plasma-facing materials creation was explored using three distinct

Friction, wear, corrosion and fatigue are common surface
failures associated with engineering materials. The qualities of the
material's surface directly affect how well the material performs.
Surface coatings or deposits are utilised in many engineering
applications to extend the life of components that are subjected to
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processing techniques to produce W/Cu FGMs, SiC/C FGMs, and
B4C/Cu coated FGMs. The physical attributes, and microstructure
of the FGMs are evaluated. The potential of these three FGMs as
materials that interact with plasma in fusion reactors is
demonstrated by certain plasma-relevant characteristics [6].
SiC/Cu FGM is a novel complex with exceptional mechanical
properties since it effectively reduces interlayer thermal stress
brought on by their mismatched thermal expansion coefficients at
high heat flux. It combines the strong heat conductivity of copper
and ductility with the benefits of silicon carbide, specifically its
high melting point and strength. Consequently, it exhibits
acceptable resistance to heat corrosion and thermal shock and
could be used as a first-wall material in fusion reactors that face
the plasma. The substantial melting point differential between
silicon carbide and copper makes it exceptionally challenging to
create this type of FGM using graded sintering method [7]. At
Tokamak, graphite has been identified as a potential material for
the International Thermonuclear Experimental Reactor (ITER)
was determined to be a C/C composite. Nevertheless, C-based
fabric displays an excessive chemical sputtering output at
(326.85-726.85) °C and significantly increased sublimation at
>926.85°C under plasma erosion conditions, resulting in the
considerable C-contamination of plasma [8]. A new SiC/Cu
functionally graded materials was created by using a cutting-edge
technique known as graded sintering at extremely high pressure,
which effectively formed a nearly dense graded composite [9].
The sinterability of W—Cu powders is mainly influenced by the
particle size of the tungsten phase and the distribution of the
copper phase. Composite particles, which consist of very fine
tungsten grains embedded in copper, can be produced through
high-energy milling [10, 11]. Real-time sintering observations in
W/Cu system were achieved by exploiting the rearrangement
densification technique using copper coated tungsten powders.
Liquid Phase Sintering (LPS) is an effective processing technique
for sintering the W-Cu system. As W and Cu are insoluble,
densification via the solution precipitation process is inhibited.
The only active methods of achieving density during LPS are re-
arrangement and solid-state sintering [12]. The Cu/W functionally
graded materials were generated by vibrating W agglomerates to
create a W skeleton with a porosity gradient, which was
subsequently infiltrated with molten Cu after pressureless
sintering. W/Cu FGMs may now be created in one step using a
new technique termed resistance sintering under high pressure,
without need for the sintering additives. A W/Cu FGM that was
successfully produced has a theoretical density of more than 97%
[13]. Helical Tokomak HT-7 was used for the fabrication and
exposure of the plasma W/Cu FGMs with grain sizes of 0.2, 1,
and 7 pm. This was achieved by the resistance sintering at
extremely high pressure. Their mechanical characteristics and
well-graded content distribution were discovered through
microstructure analysis [14]. Materials for fusion power plants
should have mechanical properties. In recent decades, numerous
experiments have been conducted to quantify the changes in
mechanical properties of irradiated steels and understand how
radiation-induced damage forms. However, the lack of facilities
makes it impossible to test potential materials in fusion-like
environments. At this point, modelling is used to collect data and
concepts that can be employed to estimate how damage to steel
will affect its modifications [15]. Few works were conducted on
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Cu-based alloys FGM [16] with no consideration for Cu-Ni
alloys. In this work, the corrosion behaviour of Cu/Ni
Functionally Graded Materials FGMs was investigated. FGMs
were prepared using powder technology method with different
compaction and sintering parameters. The effect of these factors
on corrosion factors of corrosion potentials (Ecor.), corrosion
current densities (icorr.) and Tafel slope were examined.

2. Preparation of FGMs specimens

A cylindrical steel die with a diameter of (10 mm) was used to
prepare the green FGMs compacts. The die surfaces were cleaned
and lubricated with the liquid Paraffin. The predetermined mass
of powder for each layer shown in Table 1 was carefully fed into
the die starting from the 1%, 2", 3, 4th, and 5" layer. The powder
for each layer was manually compacted to ensure the flatness of
each layer, and then five layers were subjected to the pressing
process through pressing machine.

Table 1.
Layers Composition, & mass
Layer No. Weight (%) Weight (gm)
Cu% Ni% Cu Ni

1 100 0 7.91 0
2 75 25 1.1775 0.3925
3 50 50 0.785 0.785
4 25 75 0.3925 1.1775
5 0 100 0 3.15

Table 2 shows the variables adopted of applied pressure (P),
sintering time (¢), and sintering temperature (7), as well as their
levels. A multi-level factorial design of experiments was
conducted, and 18 experiments were examined. The samples
resulting from the experiments are classified into three groups
labeled Ai-As, Bi-Bs, and Ci-Cs as shown in Table 3. The
sintering practices were carried out by using vacuum furnace type
(VDS/Ipsen, Germany) at the US Malysia / School of
Engineering.

Table 2.
Factors and their levels
Factors Factor .1 Factor .2 Factor .3
Levels T(C) t(hr) P (MPa)
-1 650 1 0.7
0 750 2 1
+1 850 - 1.3
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Table 3.
Full Factorial Design of Experiments 10 B4 0 0 0
= Sample Factors FGMs
2 names | 7 (°C t P Samples
g8 ) (hr) | (MPa)
s Z
=9
a
11 Bs 0 -1 +1
| ) -1 -1 -1 E
12 Bs 0 0 +1
| ] -1 | -1 n
| ) -1 -1 | ﬂ 13 Cl +1 -1 -1
4 A4 -1 0 0
14 C2 +1 0 -1
5 As -1 -1 +1
15 Cs +1 -1 0
6 A -1 0 +1
16 Cs +1 0 0
7 B1 0 -1 -1
17 Cs +1 -1 +1
8 B2 0 0 -1
18 Cs +1 0 +1
| B3 | -1 | u
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3. Electrochemical Measurement

An electrochemical study was performed on a selection set of
sintered FGMs samples (i.e. A3, As, B3, B4, C3, and C4, as well as
As, As, Bs, Be, Cs, and Cs). Specimens with the cylindrical shapes
were polished along its thickness, and acetone was used to
degrease the specimens and rinse them with distilled water. The
specimens were mounted by using formaldehyde at 138 °C for
eight minutes to isolate sides except one, and to create a hole on
one side for the electrical connection as shown in Figure 1.

Cu metal
\

Ni metal

Fig. 1. Schematic of FGM mounted specimen

Potentiodynamic, and cyclic polarization measurements were
performed using a Winking Mlab 200 Potentiostat (Bank-
Electronic) with a standard electrochemical cell. Electrochemical
measurements were performed using a potentiostat by SCI
electrochemical software, and 3 mv/s scan rate. Polarization
experiments were initiated with open circuit potential rate (EOCP)
of less and more than (200mV).

The cathodic and anodic behaviour of FGMs shows distinct
characteristics, at cathodic sites, oxygen reduction can occur to
produce hydroxide ions as is shown in the following equation:

0, + 2H,0 +4e” — 40H )

In the anodic region, metal oxidation occurs, which include Cu
and Ni according to the nature of material as follow:

Cu — Cu*" +2e )
(Eo=+0.34 V)
Ni — Ni#* +2¢ 3)

(Eo=-0.25 V)

The key findings were presented in terms of corrosion potential
(Ecorr.), corrosion current density (icorr), and the measurement of
Tafel slope by using method of the Tafel extrapolation.

4. Results and Discussion

Figure 2 illustrates the potential — time relationship, and
Figure 3 shows potential-current density curves for a selection set
of sintered FGMs samples (As, As, Bs, Bs, Cs and Cs). The
findings highlight that corrosion potentials take the following
sequence:

-Ecorr Bs>Bs>As5>Cs>Ce> As
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Fig. 2. Potential Vs time correlation

The figures display that these materials exhibit good resistance to
local corrosion and there is no chance for pitting corrosion due to
the presence of protective films in the structure of these materials
and the disappearance of the hysteresis loop in cyclic behaviour in
3.5% NaCl solution. Ionic transfer of metal and oxygen occurs
during both anodic and cathodic polarization. In a steady state, a
notable example of this method is the passive anodic corrosion of
metal. Such scenarios, migrate of the metal ions over the oxide
layer at consistent rate, and participate in the reaction at oxide-
electrolyte interface. The rate of dissolution of the passive layer is
influenced by several factors, such as the local potential drop at
interface, pH level and interaction between the ions of metal, and
oxide surface. Anodic polarization refers to process where an
electrode's potential is shifted in a positive direction due to
current flow across the electrode-electrolyte interface. This shift
results from electrochemical oxidation or anodic reactions near
the anode surface, leading to a more noble potential for the anode
[17]. Cathodic polarization, on the other hand, involves a shift in
the electrode's potential in the negative direction, typically
associated with reduction reactions. The formation and stability of
passive oxide films on metal surfaces play a crucial role in
protecting metals from corrosion. These films act as barriers that
limit the transfer of ions and electrons, thereby reducing the
metal's corrosion rate. The stability of these films is affected by
environmental conditions like pH and the availability of specific
ions in the electrolyte. Electrochemical techniques, including
polarization measurements, are essential for understanding the
corrosion behaviour of metals and alloys, especially those
exhibiting active-passive behaviour. These techniques help in
determining critical parameters like corrosion current density,
corrosion potential and Tafel constants, which are vital to evaluate
a material's resistance to corrosion [18].
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Fig. 3. Potential Vs current density correlation

The corrosion factors for corrosion potential (Ecor.), corrosion
current density (icor.), polarization resistance (Rp.), anodic, and
cathodic Tafel slopes (ba & bc) of FGMs samples (A3, As, B3, Ba,
Cs and Ci) are shown in Table (4). Results obtained for the
corrosion potential Ecorr for specimen labelled A4, suggest that a
corrosion potential of -138.6 mV, exhibits a nobler (more resistant
to corrosion) compared to the material labelled A3, which has a
corrosion potential of -388 mV. The data of Ecor show that B4
sample exhibits a more noble with a potential (-617.6 mV) than
Bs sample which has a potential (-699.6 mV). It is observed that
Ecorr of C4 sample (-265.2 mV) is more noble than Cs sample (-
310.8 mV). These results show that at a constant sintering
temperature and compaction pressure, it was found that 2 hrs of
sintering time for samples A4, B4, and C4 gave a stable surface
film at the material/ environment interface compared to lhr
sintering time for samples As, B3, and Cs. The measured data
showed that the sample named A3 has 0.8508 pA/cm? which is the
lowest density of corrosion current, while, sample marked A4 has
673.20 pA/cm? which is the highest current density. The corrosion
current density (icor.) is a kinetic factor, and represents the
corrosion rate under specified equilibrium conditions. Any
parameter that increases the value of (icorr.) results in an increase
in value of the corrosion rate of the pure kinetic ground.
Therefore, by comparing of the measured data, at constant
sintering temperature and applied pressure, it was found that 2hrs
of sintering time contributes to enhance corrosion current density
of FGMs samples. Regarding Tafel slopes, samples C3 and Cs
showed the lowest values, while A3 sample demonstrated the
highest value for the cathodic Tafel slope (bc). In this context,
sample B3 showed the lowest value, and A3 sample had the
greatest value for the anodic Tafel slopes (ba). This indicates that
sample As has the maximum values of the cathodic and anodic
Tafel slopes respectively.
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Table 4.
Corrosion parameters
. Tafel slope
-Ecorr. Icorr. Rp xI10?
FGM V) (pA/em?) _b(mw de?b (Q.cm?)
A3 388.4 0.8508 84.6 151.5 27.742
Ag 138.6 673.20 108.4 86.1 0.0310
Bs 699.6 11.530 250.0 33.5 1.1140
B4 617.6 173.86 164.3 139.5 0.1887
Cs 310.8 20.500 362.8 38.8 0.7434
Cs 265.2 161.22 362.8 38.8 0.0945

It is detected that the current change rate with potential change
was less significant during cathodic polarization than anodic
polarization. A small cathodic slope shows a layer on surface of
the tested material that is less permeable, and can hinder
dissolution reaction of metal but allows an electrochemical
reaction to occur. It is known that the surface oxide presents on
the material allows ionic species and electrons or vacancies to
flow through it [19, 20]. This result is an agreement with the
result of corrosion current density that indicate that A; have
lowest current density, i.e. lowest corrosion rate due to stable
cupric oxide CuO. Polarization resistance (Rp) is similarly found
from the Stern- Geary equation [21, 22].

R (dt‘) _ b, * b, 4
P \diJi_y 2303 %0y * (by + b)) )

Values of Rp are shown in Table (4). These data indicate that the
value of polarization resistance increases in the following
sequence:

Rp A3>B3>C3>Ba>Cs> A4

This sequence is inversely consistent to the corrosion current
density (corrosion rate) results, and confirms that sample A3 has
greater corrosion resistance compared to the other samples.

5. Conclusions

Copper/Nickel Functionally Graded Materials (FGMs) created
through powder technology, with a composition gradient from
100% pure copper to nickel, demonstrate enhanced corrosion
resistance due to the protective layers inherent in these materials.
Corrosion resistance varies under various experimental
conditions. Results of corrosion potentials, corrosion current
density, and corrosion resistance of the tested samples indicate
that a clear hierarchy of resistance, and sample A¢ the lowest
while, sample Bs exhibiting the highest. Specimen A4 demonstrate
more corrosion resistant than sample A3, and same trends were
occurred with B and C series. Tafel slope analysis showed that
sample Az had the lowest corrosion rate, confirmed by its high
polarization resistance, and demonstrating superior corrosion
resistance. A longer sintering duration significantly impact the
corrosion behavior of these materials, increased corrosion current
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density, and suggesting correlation between sintering time and

corrosion rate.
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