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A B S T R A C T

Introduction. The development of novel materials based on copper alloys and stainless steel, as well as the 
determination of the optimal parameters for its processing make it possible to expand the area of its implementation, 
increase efficiency and service life of tools and constructions. The load-bearing parts of marine equipment (bearing 
constructions, piston cylinders, pumps, valves, gears, rotary instruments, etc.), made of austenitic steels or aluminum 
bronze, are in direct contact with sea water, so the problem of increasing its corrosion resistance in the presence 
of strong oxidizing agents (Cl–, F– anions) is relevant. One of the advanced and actively researched methods for 
producing copper/steel composites is additive manufacturing that allow fabricating complex parts through layer-
by-layer growth. In particular, the synthesis of composites based on aluminum bronze and steel can be realized by 
wire-feed electron beam additive manufacturing. In order to implement composite materials produced via additive 
technologies in a humid (marine) climate, it is necessary to ensure not only high strength, but also corrosion properties. 
The purpose of this work is to study the corrosion resistance of composites, based on aluminum bronze CuAl9Mn2 
and stainless steel ER 321 produced by dual-wire-feed electron beam additive manufacturing. Research methods. 
Examination of the surface of CuAl9Mn2/ER 321 composites before and after corrosion tests was carried out by 
methods of voltammetry and electrochemical impedance spectroscopy using a potentiostat-galvanostat. Results and 
discussion. Using a complex of electrochemical methods, it is revealed that the developed composites with a volume 
fraction of steel ≥ 25 % demonstrate a significant decrease in anodic current densities and a simultaneous increase 
in charge transfer resistance. Composites with a steel content of 75 vol. % are characterized by the highest corrosion 
properties in 3.5 wt. % NaCl solution, which is referred to a reduction in corrosion rate by 9.5 times compared to 
aluminum bronze. It is shown that the main processes occurring on the surface of the composites (CuAl9Mn2 +  
+ ER 321) are anodic oxidation of copper and iron, leading to the formation of corrosion products – Cu2O and FeCl2.
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Working and Material Science, 2024, vol. 26, no. 3, pp. 163–178. DOI: 10.17212/1994-6309-2024-26.3-163-178. (In Russian).
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Introduction

It is well known that aluminum bronzes are distinguished among copper alloys by its high mechanical, 
corrosion and anti-friction properties [1, 2]. These alloys are widely used in the marine industry (valves, 
fittings, ship propellers, pump shafts, valve rods, water chambers of heat exchangers etc.) [3]. Bronze 
alloyed with ~10 wt. % Al, exhibits the best comprehensive properties and is considered to be the most 
widely used materials in the aluminum bronze group of alloys. When Al content reaches a solubility limit 
(9.4 wt. %), the friction coefficient decreases, but a wear loss during wear on steel increases [4, 5]. The 
microstructure, corrosion resistance and wear resistance of aluminum bronze alloys are complex and 
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significantly depend on the composition and cooling rate during the alloy production. Ordered structures, 
martensitic transformations and intermetallic compounds may form in this group of alloys [6–8]. Multiphase 
composition and microstructure of the copper alloys greatly affect both tribological and corrosion 
characteristics [3], therefore, increased attention is paid to studies of the microstructure and properties of 
these materials.

One of the high-tech and extensively developed methods for producing composite copper- and steel-
based materials is additive technologies, which make it possible to fabricate complex parts through a layer-
by-layer growth and have many advantages over traditional metallurgical technologies [1, 9–12].

In general, coatings or bimetallic alloys composed of aluminum bronze and steel are studied [10–12]. For 
example, in the paper [1], the tribocorrosion properties of additively produced stainless steel 316 (316SS), 
impregnated with bronze in seawater were studied. Tribological test showed that the resulting composite 
had yield strength and friction characteristics comparable to the conventional 316SS steel, while significant 
improvement in wear resistance was achieved at the test loads up to 80 N and reciprocating frequencies 
up to 20 Hz. It is assumed that the bronze smeared along the wear track serves as a solid lubricant, so the 
resulting passive oxide film seems to be a tribofilm that inhibits an abrasive wear at high loads. At the same 
time, an assessing the corrosion properties of various types of bronzes [1, 2] do not allow to unambiguously 
conclude about the nature of the corrosion damage, as well as the mechanisms of formation of corrosion 
products (CuO, Cu2O, etc.) in copper alloys during immersion into chloride-containing solutions.

To date, the fabrication of composites based on aluminum bronze and steel could be performed using 
modern metallurgical methods of additive manufacturing, for example, electron beam melting. In particular, 
this technology is realized using a dual-wire-feed electron beam additive manufacturing (EBAM) method 
[13–15]. Earlier, the authors of this work produced composites based on aluminum bronze (CuAl9Mn2) and 
stainless steel (ER 321) using EBAM [13, 16]. It was found that depending on the “CuAl9Mn2 : ER 321” 
ratio the structural-phase states of the obtained composites were different and its mechanical characteristics 
could be improved. Our ongoing study aims to reveal the operating characteristics of the “CuAl9Mn2/
ER 321” composites. The kinetics of a charge transfer at the interfaces and the factors responsible for the 
resistance to the appearance of the corrosive currents between microgalvanic elements (copper- and iron-
based phases) remain poorly studied issues.

The purpose of the work is to study the corrosion resistance of the composites based on CuAl9Mn2 
aluminum bronze and ER 321 stainless steel, produced by a dual-wire-feed electron beam additive 
manufacturing. The scientific objectives of this study include (i) a comprehensive assessment of the 
electrochemical behavior of CuAl9Mn2/ER 321 composites in marine solution (3.5 wt. % NaCl); (ii) 
a determination of the phase composition of corrosion products and type of corrosion damage; (iii) an 
identification of the predominant corrosion mechanism.

Methodology

In order to fabricate composites, the wires ∅1.6 mm of CuAl9Mn2 aluminum bronze and ER 321 
stainless steel were used as raw materials. A stainless steel plate with a thickness of 10 mm was chosen 
as a substrate. To produce the bronze-steel composites, an EBAM installation, equipped with two wire 
feeders, was used (Fig. 1). The following parameters of the EBAM process were used: beam accelerating 
voltage 30 kV, beam current from 44 to 77 mA, print speed (movement of the working stage) was  
400 mm/min. The required volume ratio of bronze and steel was maintained constant during processing 
by automatically adjusting the appropriate ratio of the wire feed speeds. As a result, the composites with 
a size of 80×120×8 mm3 and a volume ratio CuAl9Mn2 : ER 321 = 90 : 10, 75 : 25, 50 : 50 and 25 : 75 were 
obtained. A more detailed method for producing composites is presented in early works [13, 16].

For metallographic studies, the specimens were cut out by means of an electrical discharge machine, 
according to the Fig. 1. Then, the specimens were subjected to mechanical polishing using an abrasive 
sandpaper, followed by polishing with a diamond paste. To assess the mechanical properties, the specimens 
were tested for uniaxial static tension, and the microhardness was measured by the Vickers method [13, 16].
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The studies of the electrochemical (corrosion) prop-
erties of the specimens were carried out by voltamme-
try and electrochemical impedance spectroscopy (EIS)  
using a potentiostat-galvanostat PalmSens 4. The electro-
chemical cell was a three-electrode system in which the 
specimen under study served as the working electrode. 
A silver chloride electrode filled with 1 M KCl was used 
as a reference electrode. The auxiliary electrode was a 
graphite electrode. In the method of a linear polariza-
tion, the following parameters were set: potential range 
varied from -0.5 to 0 V, scan rate was 1 mV/s. In the cy-
clic voltammetry (CV) method, the scan rate was 20 V/s, 
and the potential varied from -1.2 V to +1.2 V. Using the 
electrochemical impedance spectroscopy (EIS) method, 
the electrochemical processes associated with a charge 
(ions, electrons) transfer and diffusion of charges in the 
electrical double layer were identified. Processing of EIS 
results was carried out by modeling equivalent electri-
cal circuits that describe the impedance behavior of the 
“electrolyte/composite” system. For impedance measure-
ments, the DC voltage (Edc) was set equal to the open 
circuit potential. The amplitude of the sinusoidal signal 
(Eac) was 0.01 V. The frequency range was varied from 
0.1 to 105 Hz. All measurements were performed at 3.5 wt. % NaCl. Pearson’s criterion (χ2), used to fit the 
raw data, ranged from 10-3 to 10-4, and the fitting errors did not exceed 10 %.

PSTrace 5.8 software was used to calculate corrosion parameters. Quantitative assessment of the polar-
ization resistance (Rp) of the composites was done by the Stern-Geary equation:

( )= β β β + βp a c corr a c( ) 2.303 ( ) ,R i

where βa is the slope of the anodic branch; βc is the slope of the cathodic branch; icorr is the corrosion cur-
rent density. 

The surface morphology of the specimens after CV measurements was analyzed using a LEO EVO 50 
scanning electron microscope (Zeiss, Germany) equipped with an energy dispersive spectrometer INCA 
Energy (Oxford instruments, UK).

Results and Discussion

Structural-phase state and mechanical characteristics of the CuAl9Mn2/ER 321 composites

Previously, the authors found out the features, associated with formation of the structural-phase states 
in the aluminum bronze, stainless steel and CuAl9Mn2/ER 321 composites obtained by the EBAM method. 
It has been observed that aluminum bronze produced by the EBAM method is characterized by a colum-
nar dendritic structure [8]. The martensitic β′ phase is located along the boundaries of the α-Cu grains  
(Fig. 2, a). The microstructure of the additively manufactured stainless steel ER 321 is characterized by 
elongated austenite grains exhibiting long and straight dendritic colonies (Fig. 2, b) [17]. Along the grain 
boundaries of the γ-Fe phase the δ-Fe phase is revealed (Fig. 2, b).

When the volume ratio CuAl9Mn2 : ER 321 of the composite is 90:10, the structure of the composite, 
in comparison with the aluminum bronze, possesses a smaller size of the α-Cu grains, while the volume 
fraction of the β′ phase decreases significantly. Also, a precipitation of the globular α-Fe(Cr) particles and 
dispersed particles of the κiv-phase (Fe3Al) are observed (Fig. 2, c) [13]. The α-Cu solid solution contains 

Fig. 1. Scheme of EBAM process for composites 
and test specimens cut-up sketch:

1 – electron beam gun; 2 – electron beam; 3 – wire 
feeders; 4 – ER 321 wire; 5 – CuAl9Mn2 wire;  
6 – melt pool; 7 – specimen for structural studies; 
8 – specimens for tensile test; 9 – specimen for 

corrosion testing
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~1 at. % Ni. Increasing the concentration of steel ER 321 to 25 and 50 vol. %, leads to complete suppression 
of the β′-phase, α-Fe(Cr) grains are formed, within which fine particles with a β′/AlNi core/shell structure 
are observed (Fig. 2, d, e). In this case, in the α-Fe(Cr) solid solution, the precipitation of the dispersed 
particles of the κiv-phase is observed, the average size of which increases with increasing concentration of 
steel in aluminum bronze [13].

If the ratio CuAl9Mn2 : ER 321 reaches 25 : 75, a three-phase structure is formed, consisting of  
44 vol. % of γ-Fe phase, 32 vol. % of the α-Fe phase and 24 vol. % of the α-Сu phase (Fig. 2, f). Non-
equilibrium cooling conditions lead to the precipitation of the dispersed secondary particles of copper and 
NiAl in the γ-Fe and α-Fe grains, respectively [16].

Static tensile tests have shown that yield strength and an ultimate strength for CuAl9Mn2 and ER 321 are 
148 and 440 MPa, and 300 and 610 MPa, respectively (Table 1). A composite produced using a volume ratio 
CuAl9Mn2 : ER 321 = 90 : 10 shows the values of the yield strength and ultimate strength that are comparable 
to the steel, but much greater than those of the aluminum bronze (Table 1). Addition of the stainless steel up to 
50 vol. % into the aluminum bronze during EBAM processing leads to the higher values of the yield strength 
and tensile strength than those of the CuAl9Mn2 and ER 321 (Table 1). At the same time, in the composite 
with the ratio CuAl9Mn2 : ER 321 = 25 : 75, a decrease in the yield strength and strength is observed by 240 
and 160 MPa, respectively, compared to the composite CuAl9Mn2 : ER 321 = 50 : 50. However, the ER 321 
steel, diluted with aluminum bronze, shows improved mechanical characteristics compared to the pure ER 
321 steel (Table 1), that are similar to the properties of the composites based on 316SS and tin bronze [1]. The 
microhardness of the CuAl9Mn2/ER 321 composites increases from 1.4 GPa to 2.33 GPa when the volume 
fraction of the stainless steel increases up to 50 vol. %. In the case of the CuAl9Mn2/ER 321 composites 
exhibiting a volume fraction 25:75, the microhardness decreases to 2.16 GPa (Table 1).

Assessment of the corrosion properties of the composites by means of voltamperometric methods

Fig. 3 shows cyclic voltammograms (CVs) demonstrating reversible redox reactions and irrever- 
sible anodic processes occurring on the surface of the working electrodes. Anodic oxidation of the metals  

Fig. 2. Microstructure of CuAl9Mn2 (a), ER 321 (b) and composites with a ratio  
of CuAl9Mn2 : SS321 = 90 : 10 (c), 25 : 75 (d), 50 : 50 (e) and 25 : 75 (f)
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(Fe, Cu, Al) is observed at electric potentials that are beyond the passive state region (from E1 = -1.20 V 
to E2 = -0.05 V). In the positive region of the potentials (from +0.0 V to +1.2 V), all specimens, including 
CuAl9Mn2, exhibit a sharp increase in the current density due to the following (possible) anodic processes 
[18, 19]:

	 Al → Al3+ + 3e-	 (1)

	 Al3+ + 3OH- → Al(OH)3	 (2)

	 Cu → Cu+ + e-, Cu+ → Cu2+ + e-	 (3)

	 Cu + Cl- → CuCl + e-, 2CuCl + H2O → Cu2O + 2H+ + 2Cl-	 (4)

	 CuCl + Cl- → CuCl2
-→ Cu2+ + 2Cl- + e-	 (5)

	 2Cu+ + H2O → Cu2O + 2H+	 (6)

T a b l e  1

Mechanical properties obtained by microhardness measuring and static uniaxial tensile tests

Specimen
Mechanical characteristics

σ0.2, MPa σu, MPa ε, % HV, GPa

CuAl9Mn2 148±25 440±101 62 1.4 ± 0.17

ER 321 300±42 610±136 35 1.63 ± 0.09 
CuAl9Mn2 – 10% ER 321 296±43 640±145 28 1.46 ± 0.19
CuAl9Mn2 – 25% ER 321 321±49 635±130 25 1.75 ± 0.09
CuAl9Mn2 – 50% ER 321 610±97 813±183 12 2.33 ± 0.1
CuAl9Mn2 – 75% ER 321 370±55 652±145 33 2.16 ± 0.12

Fig. 3. Cyclic voltammograms (20 mV/s) of specimens obtained 
in 3.5 wt. % NaCl solution. The black arrows indicate peaks of the 
current density in the cathode branch corresponding to the copper 

reduction reaction
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	 Fe → Fe2++ 2e-, Fe – 2e- + 2H2O → Fe(OH)2 + 2H+	 (7)

	 Fe2++2Cl- → FeCl2	 (8)

In the cathodic branch of the CV curves, corresponding to the region from +0.05 V to -0.80 V, the 
peaks of copper reduction are seen (marked by black arrows in Fig. 3), which are shifted relative to each 
for the specimens having different volume fractions of the steel. In the CuAl9Mn2 specimen, the cathodic 
reduction of copper (Cu2+ + 2e- → Cu) occurs at the highest potential E = -0.29 V (relative to Ag/AgCl). In 
turn, in the CuAl9Mn2 + 50 vol. % ER 321 specimen the same reaction takes place at the lowest potential  
(E = -0.51 V). During reiteration of the CV measurements the same peaks of oxidation and reduction of 
copper are observed, which indicates the reversible nature of the reaction Cu ⇄ Cu2+ + 2e-. In addition, the 
following cathodic processes are expected to occur in aqueous solutions, in which the α-Cu phase will act 
as a reducing agent:

	 O2 + 4е- + 2H2O → 4OH-	 (9)

	 O2 + 4H+ + 4е- → 4OH-	 (10)

	 2H2O + 2е- → Н2 + 2ОН-	 (11)

	 2H+ + 2е- → Н2	 (12)

In the specimens containing from 50 to 75 vol. % of the ER 321 steel, the electrochemically active 
components of the composite are γ-Fe, α-Fe and α-Cu phases. It is reasonable to assume that in the  
3.5 wt. % NaCl solution the reactions, associated with the formation of Fe/Cu galvanic couples, initiate. 
In the presence of strong oxidizing agents (Cl-), both metals (Fe, Cu) in these phases may oxidize. In 
this case, the electrons released in the reactions (3) and (7) would be captured by copper, which acts as a 
cathode in the Fe/Cu galvanic couple due to the significant difference in the standard reduction potentials  
(ECu(2+)/Cu = + 0.34 V, EFe(2+)/Fe = -0.44 V). Based on analysis of the CV curves it follows that the main 
processes on the surface of the composites (CuAl9Mn2 + ER 321) are anodic oxidation of copper and iron, 
formation of chlorides (FeCl2, CuCl2), discharge of the oxidizing agent (oxygen) and reduction of copper 
(reversible reaction).

The corrosion rate of the specimens was assessed using a linear potential scan. In contrast to CV curves 
(Fig. 3), only irreversible anodic processes are observed in the polarization curves (Fig. 4), leading to the 
appearance of corrosion damage onto the surface of the working electrodes. All specimens are characterized 

Fig. 4. Voltammograms obtained in 3.5 wt. % NaCl solution for CuAl9Mn2 and composites exhibiting  
10 vol. % (a) and 25, 50, 75 vol. % ER 321 (b)
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by the presence of a passive state region, limited by a narrower potential window: from -0.3 V to -0.1 V 
for the initial bronze and CuAl9Mn2 + 10 vol. % ER 321 (Fig. 4, a); from -0.4 V to -0.2 V for composites 
containing 25, 50 and 75 vol. % ER 321 (Fig. 4, b). A sharp increase in anodic currents is accompanied by 
an intense dissolution of the outer surface layer at E = -0.1 V. It is important to note that composites with a 
larger volume fraction of steel (≥ 25 %) demonstrate lower values of the anodic currents (Fig. 4, b), which 
indicates a formation of a protective oxide film with apparent dielectric properties onto the surface of the 
composites.

Fig. 5 shows the voltammetric dependences, plotted in logarithmic coordinates, of the same specimens 
in 3.5 wt. % NaCl solution. Extrapolation of these curves by the Tafel function, which takes into account 
the slopes of the cathodic (bc) and anodic (ba) branches, allows to calculate the corrosion current densi-
ties and polarization resistance (Rp) using the Stern-
Geary equation [20]. The corrosion parameters are 
given in Table 2. Two important conclusions could 
be made from the analysis of the Tafel curves. With 
an increase in steel content in the composites, the 
corrosion potential (Ecor, Table 2) shifts to the re-
gion of the positive potentials. This is, most like-
ly, due to the fact that the surface of the samples is 
passivated not by copper oxides, but by nickel and 
chromium oxides. This suggestion is supported by 
the lower standard reduction potential of Ni and Cr  
(ECr(3+)/Cr = -0.744 V, ENi(2+)/Ni = -0.257 V) than that 
of copper (ECu(2+)/Cu = +0.34 V). The densities of 
corrosion currents naturally decrease from 11.010 
to 0.512 μA/cm2 for the composites obtained at 
the ratios CuAl9Mn2 : ER 321 = 90 : 10; 25 : 75;  
50 : 50 and 25 : 75, and the polarization resistance, on 
the contrary, increases by almost an order of magni-
tude (Table 2). It can be concluded that the formation 
of the austenitic γ-Fe phase in the surface layer of the samples with a volume fraction of steel ≥ 50 % more 
effectively prevents the development of corrosion processes than alloying the α-Cu phase with nickel and 
chromium. Thus, using the EBAM method, the composites characterized by a lower (~9.5 times) corrosion 
rate in the marine environment could be fabricated.

EIS study of the electrochemical behavior of the specimens

In order to reveal the electrochemical properties of the CuAl9Mn2/ER 321 composites, the impedance 
spectra were obtained relative to the open-circuit potential and plotted in Nyquist coordinates before and 

Fig. 5. Potentiodynamic polarization curves obtained in 
the same electrolyte (3.5 wt. % NaCl solution) for the 

CuAl9Mn2 and composites

T a b l e  2

Corrosion parameters determined from polarization curves by Tafel extrapolation of the CuAl9Mn2 and 
composites

Sample
Corrosion parameters

Ecor, V Icor, μA/cm2 βа, V βc, V Rp, Ohm‧cm 2

CuAl9Mn2 -0.207 11.390 0.066 0.287 2,048
CuAl9Mn2 – 10% ER 321 -0.218 11.010 0.071 0.209 2,091
CuAl9Mn2 – 25% ER 321 -0.194 4.945 0.125 0.098 4,810
CuAl9Mn2 – 50% ER 321 -0.147 1.043 0.125 0.098 16,300
CuAl9Mn2 – 75% ER 321 -0.149 0.512 0.039 0.061 20,100
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after potentiodynamic polarization tests (Fig. 6). The dots in the diagrams indicate the experimental values 
of the impedance (real and imaginary parts), and the solid lines indicate the approximation by the model – 
an equivalent electrical circuit (Fig. 6, f).

It is important to note that in a corrosive media (3.5 wt. % NaCl) the electrochemical activity of the 
composites, promoting anodic reactions, is regulated by the ratio CuAl9Mn2 : ER 321. Indeed, the imped-
ance of the initial bronze specimens (Fig. 6, a) before corrosion tests is described by a relatively simple 
equivalent circuit, including a constant phase element (Q1), solution resistance (Rs) and charge transfer 
(Rct) and Warburg element (W). The fitted EIS data are given in Table 3. From the Table 3 it follows that 
the CuAl9Mn2 specimen shows high electrochemical activity because of the low charge transfer resistance 
(Fig. 3, a; Table 3). The presence of a Warburg element indicates the diffusion of charges (e-, Cu+, Cu2+, 
Fe2+) through the electrical double layer into the solution. It is interesting to emphasize that after corro-
sion tests the Rct value decreases by ~4.3 times. This observation can be explained by the fact that anodic 
processes (oxidation of copper to Cu2+) initiate the dissolution of the natural oxide film and repassivation 
of the surface, which leads to a change in the kinetics of a charge transfer in the electric double layer  
(Fig. 6, a; Table 3).

For the composite fabricated at the ratio CuAl9Mn2 : ER 321 = 90 : 10 (Fig. 6, b), the equivalent circuit 
remains the same, and the Rct value decreases by ~3 times (Table 3) due to repassivation of the surface  

Fig. 6. Nyquist plots of CuAl9Mn2 (a) and composites with a ratio of  
CuAl9Mn2 : ER 321 = 90 : 10 (b); 25 : 75 (c); 50 : 50 (d); 25 : 75 (e)  

and equivalent electrical circuits (f)
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T a b l e  3

Parameters of equivalent electrical circuits for CuAl9Mn2 and CuAl9Mn2/ER 321 composites before  
and after potentiodynamic polarization 

Before corrosion

Element of the electrical circuit CuAl9Mn2
CuAl9Mn2 : ER 321

90 : 10 75 : 25 50 : 50 25 : 75
Solution resistance, Ohm‧cm 2 5 5 70 4 67
Charge transfer resistance, Ohm‧cm 2 1,385 1,158 7,269 21,630 177,000
Warburg element, kOhm/с–0.5 0.21 0.26 – 15.75 –
After corrosion
Solution resistance, Ohm‧cm 2 5 4.9 69 43 71
Charge transfer resistance, Ohm‧cm 2 324 396 13,210 25,510 154,200
Warburg element, 
kOhm/с–0.5 1.05 0.64 – 16.50 –

layer. With an increase in the share of steel in the composite up to 25 vol. % the Nyquist diagram is a 
semicircle without a linear part in the low frequency region, therefore the equivalent circuit does not in-
clude the Warburg element responsible for the charge diffusion. The Rct value increases from 7,269 to  
13,210 Ohm‧cm2 (Fig. 6, c, Table 3) after a potentiodynamic polarization test, which indicates a higher 
passivation ability of this composite in comparison with the sample having 10 vol. % of the ER 321 steel.  
A composite with the ratio CuAl9Mn2 : ER 321 = 50 : 50 has a quite high charge transfer resistance before 
and after corrosion tests (Table 3). The presence of a semicircle in the Nyquist diagram (Fig. 6, d) and a li
near dependence, when both real and imaginary parts > 10,000 Ohm‧cm2, indicate oxidation of the material 
and the release (diffusion) of the charged particles into solution.

In the impedance spectra of the composite with the ratio CuAl9Mn2 : ER 321 = 25 : 75, only a part of 
the semicircle is present (Fig. 6, e), which indicates a significant charge transfer resistance Rct (~177,000 
Ohm‧cm2). At the same time, an electrical discharge of the double layer does not occur and diffusion of 
charges into the solution is not occurred (Fig. 6, c, Table 3). As can be seen from Table 3, the charge transfer 
resistance of this specimen decreases slightly after corrosion. In this case, the anodic oxidation of iron and 
copper will be hindered if a repassivation of the surface layer takes place after appearance of the corro-
sion damage. We conclude that the least electrochemically active specimen is the composite with the ratio 
CuAl9Mn2 : ER 321 = 25 : 75, since it is characterized by the maximum value of Rct, which, in turn, is 
inversely proportional to the density of corrosion current. Summarizing the data of electrochemical experi-
ments (EIS, CV, linear polarization), we conclude that the composite with 75 vol. % of the steel could be 
considered to be the most corrosion resistant one. The lowest corrosion resistance was found for the Cu-
Al9Mn2 and the composite with 10 vol. % of the ER 321 steel.

Based on electrochemical reactions (1)–(12) and literature data on the corrosion properties of Fe-Cu 
alloys [21] and bronze [22, 23], we can expect that the possible corrosion products of the studied Cu-
Al9Mn2/ER 321 composites are insoluble or poorly soluble compounds – copper and iron oxides. In the 
X-ray diffraction patterns of the CuAl9Mn2 (Fig. 7, a) and the composite CuAl9Mn2 – 10 vol. % ER 321 
(Fig. 7, b), subjected to corrosion tests in the cyclic potential sweep mode, the main diffraction lines from 
the matrix phases are recorded (α-Cu, β′, α-(Fe,Cr), Cu3Al), found earlier in [13]. In this case, additional 
reflections belonging to the Cu2O and FeCl2 phases are detected (Fig. 7, a, b). These phases (Cu2O, FeCl2) 
can be formed as a result of microgalvanic corrosion occurring primarily at the grain boundaries between 
α-(Fe,Cr) ferrite particles and the α-Cu matrix in chloride-containing electrolytes.

Analysis of the corrosion damage (Fig. 7, c, d) on the composite’s surface has shown that the mecha-
nisms of localized corrosion are realized in the CuAl9Mn2 alloy, leading to the appearance of shallow pits 
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and selective dissolution of copper phases. The dissolution of copper according to reactions (3)–(6) is limit-
ed by a protective oxide film, which impedes the spread of corrosion pits over the entire surface. Therefore, 
the morphology of the CuAl9Mn2 alloy after CV measurements is characterized by protrusions (“flakes”) 
and neighboring areas free of corrosion pits (Fig. 7, c). On the contrary, in the specimen CuAl9Mn2 –  
10 vol. % ER 312 an intensive corrosion damage (Fig. 7, d) of a pitting nature is observed. Numerous and 
deeper pits predominate, forming a network of porous structures. In our opinion, the nature of corrosion 
damage in the CuAl9Mn2/ER 312 composites is associated with contact and crevice corrosion. When the 
α-Cu and α-(Fe,Cr) phases come into contact, the Fe/Cu galvanic couples are formed, which change the 
kinetics of the redox reactions due to the movement of charges between dissimilar metals (Fe, Cu) with 
different electrochemical potentials. As a result of contact corrosion, the primary sites for pitting initiation 
are the α-Cu/α-(Fe,Cr) interphase boundaries due to the formation of corrosion couples (Fig. 7, e). In this 
case, the working surface of the CuAl9Mn2 – 10 vol. % ER 321 composite is divided into cathodic (matrix 
grains α-Cu) and anodic (particles α-(Fe,Cr)) areas.

It is important to note that due to a spontaneous passivation of the ferrite phase (presumably by nickel 
and chromium oxides), its dissolution in 3.5 wt. % NaCl solution is limited, while Cu-containing phases are 

Fig. 7. XRD patterns and SEM images of the surface after corrosion tests of CuAl9Mn2 (а, c)  
and composite CuAl9Mn2 – 10% ER 321 (b, d); e – scheme of the formation of pitting damage  

on the composite surface due to galvanic corrosion



OBRABOTKA METALLOVMATERIAL SCIENCE

Vol. 26 No. 3 2024

subject to continuous anodic oxidation accompanied by the formation of Cu+ and Cu2+ ions. Additionally, 
cathodic processes described by reactions (9), (10) are possible on the surface of copper phases, partially 
impeding its ionization. Thus, in the presence of strong oxidizing agents (Cl-) the formation of corrosion 
pits in the composites based on aluminum bronze and stainless steel will be accelerated if the formation 
of Fe/Cr microgalvanic couples is not prevented (Fig. 7, e). In order to increase the corrosion properties 
of these composites, it is necessary to carry out surface treatments leading to the formation of continuous 
and dielectric oxide films on the surface of α-Cu, α-(Fe,Cr) and γ-(Fe,Ni,Cr) phases, preventing a direct 
electrochemical contact of Fe/Cr at interphase boundaries.

Conclusions

The paper presents experimental results of the electrochemical behavior of the CuAl9Mn2/ER 321 
composites obtained by the additive electron beam method. With an increase in the volume fraction of steel 
in aluminum bronze, the microhardness, yield strength and strength of the composites change in a non-
monotonic manner and reach the highest values in the specimen containing 50 vol. % of the steel. Corrosion 
resistance of the specimens in 3.5 wt. % NaCl solution was estimated using the Tafel extrapolation method. 
It has been found that the densities of corrosion currents monotonically decrease for the composites obtained 
at the ratios CuAl9Mn2 : ER 321 = 90 : 10, 75 : 25, 50 : 50 and 25 : 75, and the polarization resistance, 
that is inversely proportional to the corrosion rate, increases by an order of magnitude. A comprehensive 
assessment of the electrochemical properties of the specimens using impedance spectroscopy and cyclic 
voltammetry has shown that the most corrosion resistant is a composite with 75 vol. % of the ER 321 steel, 
and the lowest corrosion resistance is demonstrated by the CuAl9Mn2 alloy and a composite with 10 vol. % 
of the ER 321 steel. It has been observed that the main processes on the surface of composites are anodic 
oxidation of Cu and Fe, leading to the formation of corrosion products – Cu2O and FeCl2. It is assumed that 
the main mechanism of the corrosion damage in the CuAl9Mn2/ER 321 composites is a galvanic corrosion 
caused by the formation of galvanic Fe/Cr pairs at the interphase boundaries between ferrite particles 
α-(Fe,Cr) and the α-Cu matrix.
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