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Abstract 
The effect on the high temperature oxidation behavior of partially 
substituting Cu by M, with M = Sn, Ag, V, Nb, Ir, Ru, Ta, in 
mechanically alloyed Cu-Ni-Fe anode was investigated. 
Characterization of the as-milled and consolidated powders was 
achieved through a combination of XRD, SEM and EDX mapping. 
On the basis of TGA experiments performed at 700°C under 
oxygen and subsequent SEM-EDX analyses, substitution of Cu by 
Nb, Ru, Ir, Sn and Ag leads to the formation of thinner Cu oxide 
layers at the surface of the electrode. However, except for M = Nb, 
chemical segregation was observed in the bulk alloy. 

Introduction 

Among the various metallic materials that have been explored as 
inert anodes for Al electrolysis, Cu-Ni-Fe based alloys appear as 
the most promising [ 1 -5]. This is mainly due to their ability to form 
a protective surface layer of NiFe204 during Al electrolysis, which 
is recognized for its low solubility in cryolite media [6], For 
instance, O-doped Cu65Ni2oFei5 alloy produced by mechanical 
alloying has good corrosion resistance in low temperature (700°C) 
KF-AlF3-based electrolyte with a wear rate estimated at 0.8 cm 
year-1 leading to the production of Al with a purity of 99.8 % [5], 

We have shown that Cu in mechanically alloyed Cu-Ni-Fe anodes 
plays a key role in the formation of a protective NiFe204-rich layer 
[5], As a result, Cu-Ni-Fe anodes with a Cu content lower than 50-
60 wt% are unstable for Al electrolysis. A possible explanation is 
that the CuOx rich-layer formed at the surface of the anode during 
the first stage of the Al electrolysis acts as a "sacrificial layer" 
which may give time for the inner formation of a coherent NiFe2Û4 
scale. The fact that the diffusion coefficients of Ni and Fe in Cu-
Ni-Fe alloys increase with their Cu content [7] may also favor the 
formation of NiFe204. However, Cu leaching from the Cu-Ni-Fe 
anodes into the cryolite bath has a negative impact on the purity of 
the produced Al in the short term in addition to creating pathways 
for deleterious electrolyte penetration into the anode surface scale 
in the longer term [8], 

To overcome this issue, partial substitution (5 wt%) of Cu in 
Cu65Ni2oFei5 alloy by various elements (Sn, Ag, V, Nb, Ir, Ru, Ta) 
selected on the basis of their low solubility in cryolite media is 
performed in the present work. As a first step toward their 
evaluation, the high temperature oxidation behavior of these 
quaternary alloys is investigated and compared to that of ternary 
Cu-Ni-Fe alloy. 

Experimental 

Cu6oM5Ni2oFei5 (in wt%) alloys with M = Sn, Ag, V, Nb, Ir, Ru, 
Ta were prepared by ball milling using a vibratory-type miller 
(Spex). 11.5 g of elemental Cu, Ni, Fe and M powders (purity > 
99.9%, -325 mesh) in appropriate proportion were introduced in a 
stainless steel vial (capacity of 55 ml) containing two 14 mm diam. 
and one 11 mm diam. stainless steel balls, corresponding to a ball-
to-powder mass ratio (BPR) of 2:1. 0.5 wt.% of stearic acid was 
added to the initial mixture as process control agent to prevent 
excessive cold-welding on the milling tools. The milling was 
performed for 10 h under Ar atmosphere. The composition of the 
as-milled powders determined by energy dispersive X-ray (EDX) 
analysis was in accordance (within 1.5 wt%) with their nominal 
composition. 

Powder consolidation was carried out to obtain dense disc samples 
for the oxidation tests. The as-milled powder was firstly sieved to 
select only the powder fraction with a particle size of 20 to 75 pm. 
This sieved powder was placed in a quartz cylinder preform and 
heated from room temperature to 1000°C under Ar atmosphere 
(softening treatment). The resulting sample was cold pressed at 18 
tons cm-2 for 10 min and then sintered at 1000°C under Ar 
atmosphere for one hour. The final pellet had a diameter of 11.5 
mm and a thickness of -1 .5 mm with a weight of ~1 g. 

The crystalline structure of the as-milled and consolidated powders 
was determined by X-ray diffraction (XRD) using a Bruker D8 
diffractometer with Cu Ka radiation. Their morphology was 
characterized using a JEOL JSM-6300F scanning electron 
microscope (SEM) in backscattered electron (BSE) mode. 

The high temperature oxidation tests were carried out using a 
thermogravimetric analyser (TGA) (Thermax 500) at 700°C under 
Ar-20%£>2 for 20 h. After oxidation, the samples were analyzed by 
XRD and SEM-EDX mapping. 

Results and discussion 

Figures 1A and IB show the XRD patterns of the as-milled and 
consolidated Cu-Ni-Fe-M materials, respectively. As shown in 
Figure 1A, in all cases, the XRD pattern is mainly constituted of a 
series of peaks, which corresponds to a face-centered-cubic (fee) 
phase attributed to a solid solution of Cu(Ni,Fe,M) named γ-phase. 
However, for M = Ir, Ru and Ta, small additional peaks are 
discernible, which can be attributed to the presence of unalloyed M. 
The fact that no peak associated with pure M elements is 
discernable for M = Sn, Ag, V and Nb suggests that the alloying 
process is completed with these elements but it may also be due to 
the small size of the M crystals dispersed in the Cu(Ni,Fe) matrix. 
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However, in all cases, a small shift towards the lower 20 angles of 
the diffraction peaks of the γ phase compared to those of the ternary 
Cu-Ni-Fe alloy is observed, suggesting that the alloying process 
with all M elements is at least initiated after 10 h of milling. 
Additionally, for some quaternary alloys, a shoulder is clearly 
discernible at ~44.5° attributed to Fe(Ni) phase [4], suggesting that 
the mechanical alloying process between Cu, Ni and Fe is not fully 
completed. 

After the consolidation procedure (Figure IB), only one series of 
peaks attributed to the Cu(Ni,Fe,M) γ-phase is observed for M= Sn, 
V, Ir, and Ru, which tends to indicate that the alloying process has 
been completed during the consolidation procedure for these 
quaternary alloys. On the other hand, for M = Ag, Nb and Ta, small 
peaks of unalloyed M are discernible, suggesting that these 
elements are not fully dissolved in the γ phase. It can be explained 
by their larger atomic radius (1.43-1.44 A) compared to that of Sn, 
V, Ir and Ru (1.40, 1.31, 1.36 and 1.33 A, respectively). Note that 
unalloyed Nb and Ta are in oxide state, probably due to their 
reaction with residual O2 during the consolidation step. Based on 
the position of the (111) peak of the γ-phase, an increase of the 
lattice parameter is observed for all quaternary alloys (3.607-3.625 
A compared to 3.599 A for the Cu-Ni-Fe alloy, see Table 1), 
confirming the incorporation (complete or partial) of the M 
elements in the γ-phase. In addition, as expected, a decrease of the 
full width at half maximum (FWHM) of the diffraction peaks of the 
γ phase is observed due to grain growth and strain release. On the 
basis of Williamson-Hall plots (not shown), the crystallite size is 
~60 nm and the lattice strain is -0.3 % for the consolidated samples 
compared to ~20 nm and -0.5% in the as-milled state. 

Table 1. Lattice parameter of the γ-phase in the consolidated 
Cu6oM5Ni2oFei5 samples. 

M Cu Sn Ag V N b I r R u Ta 

a (Â) 3.599 3.625 3.613 3.606 3.607 3.607 3.608 3.607 

(A) y Cu(Ni,Fe,M) v Fe(Ni) 
Cu-Ni-Fe 

• Ir 

Cu-Ni-Fe-Sn 

Cu-Ni-Fe-Nb 

Cu-Ni-Fe-lr 

Cu-Ni-Fe-Ru 

Cu-Ni-Fe-Ta 

20 30 40 70 80 90 100 

Figure 1. XRD patterns of the Cu65Ni2oFei5 and CueolVKNfaoFeis (M 
= Sn, Ag, V, Nb, Ir, Ru, Ta) materials in as-milled state (A) and 
after consolidation (B). 

Figure 2 shows cross-section BSE micrographs and corresponding 
EDX mapping of the constitutive elements for the different 
consolidated CuôolVMSfcoFeis samples. 

2Θ (degrees) 
Figure 2. Cross-section BSE micrographs (x7000) and 
corresponding EDX mapping of the constitutive elements for the 
consolidated Cu65Ni2oFei5 and CueolVMSfcoFeis samples. 
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For the ternary Cu-Ni-Fe and quaternary Cu-Ni-Fe-M compounds 
with M = Nb and Ta, no apparent chemical segregation is observed. 
In contrast, with M = Sn, Ir, Ru and more especially with Ag, Cu-
rich and Ni-Fe rich zones are discernible. This is usually observed 
on as-cast Cu-Ni-Fe alloys characterized by a dentritic 
microstructure made of Fe-Ni rich dendrites in a Cu-rich matrix, 
resulting from the alloy spinodal decomposition [9], However, in 
this latter case, this dentritic microstructure is much more apparent 
on BSE micrographs, suggesting that the spinodal decomposition 
occurred on smaller scale for the present mechanically alloyed 
materials - this is expected due to the fact that the alloy was not 
heated during milling and the kinetics for spinodal decomposition 
are poor at low temperatures. Note that this phase decomposition is 
hardly detectable from XRD analyses due to the very close lattice 
constants of the Cu-rich and Fe-Ni-rich phases [10,11], However, 
it may explain the small shoulder observed on the right of the peak 
at high diffraction angles in Figure IB for some Cu-Ni-Fe-M 
compounds (more apparent for M = Ag). Regarding the dispersion 
of the M elements, discernible micrometric M-rich zones are only 
detected for M = Ag and V in Figure 2. 

Figure 3 shows the TGA curves performed at 700°C under 1 atm 
Ar:02 (80:20) for 20 h on the Cu65Ni2oFei5 and Cu6oM5Ni2oFei5 
pellets. The V-containing alloy displays the highest oxidation rate 
with a mass gain of 3% compared to <1.5% for the other alloys. 
The lowest oxidation rate is observed for M = Ir and Ag with a mass 
gain of ~0.65% versus 1.15% for the ternary Cu-Ni-Fe alloy. In 
most cases, a very rapid increase of the mass is observed during the 
first hour of oxidation, assumed to be mainly related to Cu 
oxidation. However, for M = Ru, Ir and Ag, this initial mass 
increase is much lower, suggesting that the formation of CuOx is 
significantly slowed down in presence of these additional elements. 
Except for M = V, the oxidation rate drastically slows down for t > 
1 h, which can be explained by the formation ofNiFe2C>4 acting as 
a barrier to the Cu flux at the oxide-alloy interface [12], 

10 
Time (h) 

Figure 3. TGA curves of Cu65Ni2oFei5 and Cu6oM5Ni2oFei5 
performed at 700°C under 1 atm Ar-20%02 . 

The XRD patterns of the samples after TGA are shown in Figure 4. 
In all cases, the formed oxides are mainly CuO and NiFe2C>4. There 
is also CU2O for some samples (peaks at ~36 and ~42°for M= Cu, 
Sn, Ag and Ru). Note that the presence of NiO and Fe3Û4 cannot 
be totally excluded on the basis of the present XRD analyses 
because their characteristic peaks closely overlap those of the 
NiFe2Ü4 phase. Except for M = V, peaks of the γ phase are also 
visible at 43.5 and 50.7°, which are more intense for M = Nb and 

Sn, suggesting the formation of a thinner oxide surface scale for 
these two alloys. Peaks related to MOx phases are not discernable 
except for M= Sn in which SnC>2 phase is detected. This alloy also 
shows the presence of Fe2C>3 phase. For M = Ag, peaks of Ag phase 
are observed. 

f *Cu0 oCiijO •NiFe,01 OFeß rCu(Ni|e) 

Cu-Ni-Fe 

Cu-Ni-Fe-Sn 

Figure 4. XRD patterns of the Cu65Ni2oFei5 and Cu6oM5Ni2oFei5 
samples after TGA measurements. 

The oxide scales formed of the Cu65Ni2oFei5 and Cu6oM5Ni2oFei5 
samples were also characterized by cross-section BSE analyses and 
EDX mapping, as shown in Figure 5. Typically, the oxide scale 
formed on the different samples has a bilayer structure constituted 
of a CuO-rich outer layer and a NiFe204-rich inner layer. However, 
a major difference in their thicknesses is observed depending on the 
alloy composition. In accordance with TGA and XRD results, the 
thicker oxide layer is observed for M = V, with a total thickness of 
~80 pm and the presence of porous and delaminated zones. For the 
ternary Cu-Ni-Fe alloy, the thicknesses of the outer CuO-rich layer 
and inner NiFe204-rich layer are both ~15pm, which are in the 
same order as observed for M = Ta and Ru. The thinnest oxide layer 
is observed for M = Nb, Ir, Ag and Sn with a total thickness < 5-
10 pm. For M = Sn, a surface Sn02-rich layer is also observed in 
contrast to the other quaternary Cu-Ni-Fe-M alloys where a MOx 

layer is not clearly discernable. Ag inclusions dispersed in the bulk 
Cu-Ni-Fe-Ag alloy are also observed. Regarding the chemical 
homogeneity in the bulk alloy, the presence of Cu rich and Ni-Fe 
rich zones are clearly discernable for M= Ag. The presence of FeOx 

which tends to segregate in inter-particle zones is observed for M 
= Ta, Ir and in a lesser extend for M = Cu and Sn. Actually, only 
the alloy with M = Nb seem to maintain a good chemical 
homogeneity in the bulk alloy zone. 
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Figure 5. Cross-section BSE micrographs (xlOOO) and 
corresponding EDX mapping of the constitutive elements for the 
post-TGA Cu65Ni2oFei5 and CuôolVMSfcoFeis samples. 

1190 



Conclusion 

This study showed that the substitution of 5 wt% of Cu by Sn, Ag, 
V, Nb, Ir, Ru or Ta in ball-milled Cu65Ni2oFei5 alloy has a major 
effect on its high-temperature oxidation behavior by affecting the 
outward diffusion of Cu and the formation of Cu oxides. The best 
compromise in terms of oxide scale thinness and chemical 
homogeneity in the bulk alloy is observed for M = Nb. Further work 
is required to explain its distinctive behavior. Their evaluation 
under Al electrolysis conditions is also in progress to determine 
their resistance to fluorination, dissolution and electrolyte 
penetration. 
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