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Samples of Cu-Te-Se alloys, previously aged or treated as a solid solution, were immersed in 3.5% (mass
fraction) sodium chloride solution to investigate their corrosion resistance at room temperature by deter-
mining their corrosive weight loss. The morphologies of the precipitated phase and surface products
following immersion were observed by scanning electron microscope. In addition, energy-dispersive
spectroscopic analysis was used to determine the elemental constituents of precipitated phase and corroded
surface of the alloy samples. The phase composition was measured by x-ray diffraction, and the electro-
chemical polarization behavior of the samples was determined using an electrochemical workstation. The
experimental results revealed that the alloy samples appeared to corrode uniformly, which was accompa-
nied by a small amount of localized corrosion. There was the possibility that localized corrosion could
increase following aging treatment. The addition of a small amount of tellurium and selenium to the alloy
appeared to retard oxygen adsorption on the copper in the alloy, which has ameliorated the alloy corrosion
due to the similar physical and chemical properties of oxygen. In comparison to the solid solution state, the
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corrosion resistance of the alloy appeared to decline slightly following aging treatment.

Keywords aging treatment, Cu-Te-Se alloys, electrochemical
corrosion, immersion corrosion, solid solution treat-

ment

1. Introduction

Copper and copper alloys are widely used in electrical
engineering, light industry, machinery manufacturing, building
industry, national defense industry, and many other fields, due
to their excellent electrical conductivity, thermal conductivity,
corrosion resistance, and processing performance (Ref 1-5).
The high strength of pure copper resulting from cold-rolled
deformation is easily lost in the process of annealing (Ref 6-8).
Consequently, it is highly desirable to study the high strength
and high conductivity copper alloys. Previous researchers have
shown that, by adopting different processing technologies, the
tensile strength of copper alloys can be improved by addition of
tellurium to pure copper, which can increase the tensile strength
of the resulting alloy to 500 MPa while maintaining the alloy’s
electrical conductivity at 94~98% of the International Anneal-
ing Copper Standard (IACS) (Ref 9). Although the Cu-Te alloy
has excellent electrical and mechanical properties, this appli-
cation is limited, because tellurium is a rare commodity and is
considered a strategic resource. In addition, the market price of
tellurium is much higher than selenium. Since selenium is in
the same group as tellurium in the Periodic Table, the two have
similar physical and chemical properties. Considering the
scarcity and cost of tellurium, in this study, selenium was
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chosen to replace some of the tellurium in the copper alloys in
an attempt to develop Cu-Te-Se alloys with properties similar to
the Cu-Te alloy.

Achieving high strength and high conductivity in the alloy is
the first step after which more work will be needed to further
refine the properties of these alloys. Extended exposure to
oxygen or moist environments will cause copper to corrode
which compromises the properties of the product. The existence
of the salt in these environments can significantly increase
corrosion rate of the pure metal or copper alloy (Ref 10-14).
Even solid salt will also accelerate the corrosion of copper
metal (Ref 13, 15). Research in developed countries has been
intensive in the study of corrosion of copper and copper alloys
(Ref 16-19).

To broaden the commercial application of Cu-Te-Se alloys,
the corrosion resistance of Cu-Te-Se alloys in 3.5% sodium
chloride solution was chosen as the focus of the study reported
here. A review of the current literature failed to reveal any
related research reports concerning the corrosion of Cu-Te-Se
alloy in salt solution. Therefore, based on the practical
engineering applications, industrially pure copper and copper
alloys with various tellurium and selenium contents were
subjected to select heat treatment and then immersed in 3.5%
sodium chloride solution to determine their corrosion resistance
at room temperature. In addition, the corrosion mechanism of
the alloys is discussed to stimulate efforts to develop new alloys
that can be introduced into practical production.

2. Materials and Methods

The copper alloy ingots were smelted in ZG-25 Vacuum
Induction Furnace by adding different amounts of tellurium and
selenium into industrial pure copper. The contents of tellurium
and selenium in the ingots were determined by ADVAN-XREF,
and the results of the analysis are shown in Table 1. The ingots
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Table 1 The designed and measured content of Te and

Se

No. of samples 1# 2# 3#
Designed content of Se 0.15 0.25
Designed content of Te 0.15 0.25
Measured content of Se 0.109 0.149
Measured content of Te 0.125 0.243

were heated to 850 °C, held for 4 h, and then forged into
copper plates with a thickness of 18 mm.

The hot-forged copper alloys were cut into cubic samples
with dimensions of 10 x 10 x 10 mm using a wire electrode.
The samples were reheated to 850 °C and maintained at this
temperature for 2 h, and then, the samples were quenched in
water to room temperature. After this, the samples were divided
into two groups: One group was processed no further, while the
other group was reheated to 420 °C and maintained at this
temperature for 4 h as an aging treatment and cooled in the
furnace to room temperature. The samples were burnished with
800 grit sand paper and then polished. All the samples were
washed with acetone and doubly distilled water and then dried.
The length of each side was measured using a Vernier caliper,
and the total surface area was calculated. Then, each sample
was suspended and immersed in 3.5% sodium chloride
solution. The samples were removed from solution every
120 h, and the corrosion products were washed off with a
moderate amount of alcohol in a KH2200DB numerical
controlled ultrasonic cleaner. Following this procedure, the
samples were dried using an electric hair drier. The mass of the
samples was measured using a model FA1204 electronic
precision balance with an accuracy of 0.1 mg. Finally, the
weight loss per unit area of each sample was calculated. The
corrosion products on the surface of samples were analyzed,
and the phase composition was determined using a X ‘Pert Pro
MPD type XRD manufactured by the Philips Company. A
JSM-5910LV type scanning electron microscope (SEM) was
used to inspect the morphology of the corrosion products on the
surface, and energy-dispersive spectroscopy (EDS) was used to
measure the composition of corrosion products and the
precipitated phases. The electrochemical polarization behavior
of each sample in 3.5% sodium chloride solution was
determined using an electrochemical workstation. Based on
these results, the main corrosion process and corrosion
mechanism were determined.

3. Results

3.1 Microstructure and Precipitated Phase Analysis

The microstructure of the alloys is shown in Fig. 1. In
Sample #3, very little of the second phase was evident
following the after solid solution treatment, but there was
significant amount of the precipitated phase present in the
alloys following the aging treatment. The quantity of precip-
itated phase of Sample #3 appeared to be greater than that in
Sample #2, because of the different selenium and tellurium
contents of these two alloys as is evident as shown in Fig. 1(a)
and (c). The elemental composition of the precipitated phase
marked as plots A and B in these figures was determined by
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Fig. 1 The microstructure and distribution of precipitated phase of
samples. (a) aging of 2#; (b) solid solution of 3#; (c) aging of 3#

EDS, and the results are shown in Fig. 2 and Table 2. The
precipitated phase x-ray diffraction (XRD) spectrum is shown
in Fig. 3, where it can be seen that only copper was found. This
result may be due to the small quantity of the precipitated phase
which is not sufficient for XRD analysis. According to the mass
ratio and atomic ratio of the precipitated phase as shown in
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Fig. 2 The EDS spectrum of precipitated phase of alloys

Table 2 The EDS test results of precipitated phase

A B
Elements o, % at.% o, % at.%
CukK 56.27 67.40 5831 69.32
Se L 17.74 17.10 16.44 15.73
Te L 26.00 15.51 25.25 14.95
Total 100.00
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Fig. 3 The XRD spectrum of precipitated phase analysis

Table 2, it can be concluded that the precipitated phase was
probably composed of Cu, (Te, Se).

3.2 Polarization Curves

The polarization curves for the alloys in 3.5% sodium
chloride solution following the two heat treatments are shown
in Fig. 4, and the corrosion potential and corrosion current
density of the alloys are listed in Table 3. As summarized in
Table 3, it can be seen that the corrosion current density of the
aging treatment samples was greater than the current density of
the sold solution treatment samples, indicating that the aging
treatment alloys were more likely to corrode.

3.3 Weight Loss Measurements

Based on the results of passive sample corrosion tests and
the sample weight loss in the corrosion process, the corrosion
rate was calculated using the national standard GB10124-88,
the equation for this is as follows:
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Fig. 4 Polarization curves of samples in 3.5% sodium chloride
solution. 1—Aging of 2#; 2—solid solution of 2#; 3—pure copper;
4—solid solution of 3#; 5—aging of 3#

R =8.76 x 10" x (M — M,)/STD. (Eq 1)

Here, R (mm/a) is the corrosion rate; M (g) is the mass of the
samples before test; M, (g) is the mass of the samples after a
period of experimental time 7% S (cm?) is the area of the sample;
T (h) is the test time; and D (kg/m?) is the density of material.

As shown in Fig. 5, at the beginning of the experiment,
there was a large difference among the corrosion rates of
Samples #1-3 based on the heat treatment employed, but this
difference gradually decreased with time. The corrosion rates
equalized after about 240 h of immersion. Generally speaking,
the corrosion rate of the alloys following aging treated was
slightly higher than that of the alloys subjected to the solid
solution treatment.

3.4 Morphology of Gorrosion Surface Analysis

Fig. 6 shows the SEM analysis of the morphologies of
alloys’ corrosion surface after corroding for 600 h. It can be
seen that the Sample #2 exhibited a similar degree of corrosion
as Sample #3 degree when both were solid solution treated.
However, Sample #3 exhibited more significant corrosion than
Sample #2 when both were after aging treated. As can be seen
from Fig. 6(b), solid solution-treated Sample #3 exhibited
nearly no localized corrosion. By contrast, the corrosion
morphology of aging treated Sample #3 exhibited clear grain
boundary corrosion as shown in Fig. 6(d). These results
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Table 3 Corrosion potential and corrosion current density of alloys

Pure copper Aging of 3# Aging of 2# Solid solution of 3# Solid solution of 2#
E o, mV —460.7 —600 —-391.1 —549.1 —409.8
Lo uA/cm2 7.4881 3.9171 3.7922 2.5529 2.2356
) 120 b
( ) +2“ ( ) 120 +2”
100 - # 4
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Fig. 5 The corrosion rate of samples in 3.5% sodium chloride solution. (a) Solid solution treatment; (b) aging treatment
suggest that the corrosion of the solid solution-treated alloys B
was more significant than the aging treated alloys. 1/20; + Hy0 + 2¢ — 20H (Eq 5)

3.5 Analysis of the Corrosion Surface Phase

The results of EDS spectrum analysis of the corroded alloys
surfaces are shown in Fig. 7 and Table 4. The phase analysis
results of surface corrosion of the samples are shown in Fig. 8.
According to Fig. 8, the main corrosion products appeared to
copper and cuprous oxide, but the EDS test results showed that the
elemental constituents of corrosion product were not just copper
and oxygen, but chlorine was also present. Considering the content
of'the corrosion bath, this is hardly surprising. Comparing the EDS
with XRD test results, the corrosion products of various samples
were generally identical, as would be expected.

4. Analysis and Discussion

When immersed in 3.5% sodium chloride solution at room
temperature, a very thin water film containing chloride ions
formed on the sample surface, thus the manner of sample
corrosion was electrochemical corrosion (Ref 20). According to
the experimental results shown above, the corresponding
corrosion reaction processes could be inferred as follows:

The anode reaction: metal dissolved in the solution in the form
of hydrated ion and electrons remained at the metal surface.
Simultaneously, electrons from the anode flowed to the cathode:

Cu — Cu*"(or Cu™) + 2e(or e) (Eq 2)
Cu®" +2H,0 — Cu*™ - 2H,0 (Eq 3)
or

Cu 4 2H,0 — Cu*" - 2H,0 + 2e (Eq 4)

The cathode reaction: oxygen adsorbed on the cathode sur-
face by diffusion or convection, and then absorbed the sur-
plus electrons on metal surface to form hydroxyl ions,
namely:
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With the dissolution of sodium chloride, the corrosion prod-
ucts were formed by the reaction of chloride ion and hydra-
tion of copper ion (or copper ion) (anodic reaction products),
namely:

Cu*" - 2H,0 + 2CI~ — CuCl, - 2H,0 (Eq 6)
or
Cu' +CI” — CuCl (Eq 7)

In addition, the corrosive liquid and samples were kept at a
stationary state during the experimental process, thus cuprous
ions would accumulate on the surface of the sample leading
to a local supersaturated solution on the sample surface. Cu-
prous oxide (Fig. 8) formed when cuprous ions reacted with
oxygen in solution. After its formation, cuprous oxide would
expand into the surrounding surface by continuous accumula-
tion of cuprous ions, thus a degree of cuprous oxide crystal
film was formed on the sample surface. Simultaneously, due
to the presence of reducing chlorine ions in the solution, part
of the cuprous oxide was converted into alkaline copper chlo-
ride, which remained on the surface of the cuprous oxide, un-
der the action of chloride ions and oxygen in the solution
(Ref 21), namely:

Cuy0 + 1/20, + CI™ + 2H,0 — Cuy (OH),Cl 4 20H™
(Eq 8)

Since the quantity of alkaline copper chloride was small and
the corrosion products were removed during experimental
ultrasonic cleaning process, the alkaline copper chloride could
not be detected by the XRD (Fig. 8). However, the EDS re-
sults for the corrosion products confirmed that chlorine was
present in the products (Fig. 7).

The corrosion rate of the samples (Fig. 5) was relatively
rapid at the beginning of the experiment, but it gradually
slowed as the experiment proceeded. This occurred because a
patina was formed on the surface of the copper alloy during the
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Fig. 6 The morphology of corrosion surface of samples. (a) Solid solution of Sample 2#; (b) solid solution of Sample 3#; (c) aging of Sample

2#; (d) aging of Sample 3#; (e) pure copper

corrosion process, which slowed the rate of corrosion (Ref 22-
24). Concurrently, since the samples were completely exposed
early in the experiment, the diffusion and convection of oxygen
to the metal surface was facilitated. Therefore, the samples’
corrosion rate was rapid at the outset of the experiment. As the
time of immersion proceeded, the cumulative amount of
corrosion products gradually increased on the samples surface
and the corrosion rate decreased by this accumulation of
corrosion products until it became constant. Since the chloride
ion has a small radius with strong penetrating power, it can
easily cross the surface of metal corrosion product layer and

Journal of Materials Engineering and Performance

cause corrosion in the internal part of the metal. The metal
chlorides formed gradually and dissolved easily, so that the
corrosion process achieved a dynamic balance, and the rate of
corrosion rate eventually becomes static. This is similar to the
corrosion behavior of copper and copper alloy in the atmo-
sphere. However, the time required for the development of a
constant corrosion rate depends on the experimental environ-
ment (Ref 25-27).

The solid solution treatment alloy samples exhibited polar-
ization curves that showed a higher polarization potential
(Fig. 4) and smaller corrosion current density (Table 3).
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Therefore, it can be concluded that these samples had better
corrosion resistance (Fig. 5). A quantity of a precipitated phase
appeared on the grain boundary of the aging treated samples
(Fig. 1a and c), which can be estimated to be Cu, (Te, Se)
(Table 2). The standard electrode potentials of the precipitated
phase Cu, (Te, Se) and copper matrix were different. Therefore,
the precipitated phase and copper matrix formed a microcell

Ch
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a Cu
L
5 10

Energy(keV)

15 20

Fig. 7 The EDS spectrum of sample corrosion surface products

Table 4 The EDS test results of corrosion surface

Elements o, % at.%
OK 14.79 40.60
CIK 0.94 1.17
Cu K 84.26 58.23
Total 100.00
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during the corrosion process, which resulted in a faster corrosion
rate (Fig. 5). But when a small amount of tellurium and selenium
was added to industrially pure copper, the non-metallic impurity
in the copper was reduced, thereby eliminating corrosion along
the grain boundary (Ref 28). Based on these two effects, the
corrosion properties of the alloy containing tellurium and
selenium with different heat treatments appear to behave
differently. The polarization curves (Fig. 4) also showed that
the electrode potential decreased and corrosion current density
increased after the aging treatment. In addition, as shown in the
corrosion surface morphology (Fig. 6b and d), the corrosion of
Sample #3 was more extensive after the aging treatment than
after the solid solution treatment. This confirms the effect of
aging on the corrosion resistance of alloys. For the same
composition samples, the corrosion resistance was slightly lower
after aging than that of solid solution state.

Based on the microstructure of the alloys (Fig. 1a and c),
Sample #3 had more of the precipitated phase at the grain
boundary and intracrystalline material than Sample #2 follow-
ing aging treatment. This increased the lability of Sample #3 to
corrosion over that of Sample #2. The morphology of corrosion
surface of alloys (Fig. 6), the polarization curves (Fig. 4) and
corrosion rate (Fig. 5b) suggest that the corrosion resistance of
Sample #2 was better than that of Sample #3#. Comparing
Samples of #2 and #3 with pure copper (Sample #1) at the
beginning of the experiment, (because the precipitated phase
existed in microstructures of 2# and 3# Samples) the precip-
itated phase and copper matrix would form a microcell during
the corrosion process, which would result in a faster corrosion
rate for Samples #2 and #3 than Sample #1. However, selenium
and tellurium are in the same group with oxygen in the Periodic
Table, so they may have similar physical and chemical
properties. While the main corrosion mechanism of copper is
oxygen adsorption corrosion, this process may be retarded as

(b) 6000
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Fig. 8 The XRD spectrum of samples corrosion surface products phase analysis. (a) Pure copper; (b) aging of 2#; (c) solid solution of 3#; (d)

aging of 3#
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the experiment proceeds by the presence of selenium and
tellurium in the alloy. As a result, the corrosion rate of Samples
#2 and #3 gradually equaled or was less than that of Sample #1.

5. Conclusions

(1) When immersed in 3.5% sodium chloride solution, cor-
rosion of Cu-Te-Se alloys at room temperature was uni-
form, accompanied by a small amount of localized
corrosion. The localized corrosion trended to increase
after the samples were aging treated. The main corrosion
mechanism of the samples was electrochemical corro-
sion.

(i) The addition of tellurium and selenium to industrially
pure copper produced a precipitate on the surface which
passivated the surface, slowing the corrosion rate. It ap-
peared that adding a small amount of tellurium and sele-
nium to copper slowed the process of oxygen
adsorption on the copper due to the similar physical and
chemical properties of these elements to oxygen.

(iii)) Following the aging treatment, the Cu-Te-Se alloys
developed a second phase precipitate, and the polariza-
tion current density of precipitated phase was different
than that of the copper matrix. As a result, the corro-
sion resistance of Cu-Te-Se alloys after aging was de-
creased compared with the alloys after solid solution
treatment.
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