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An Al brass alloy with Ce addition has been developed with an aim to replace the As Al brass, because the
latter poses health and environmental problems. The corrosion behavior of the two alloys in NaCl (35 g/L)
and NaCl (35 g/L) + NH4CI (26.75 g/L) solutions has been investigated. The morphology and compositional
changes in the alloys have been studied. In both solutions, the corrosion rates of the Ce Al brass are very

similar to those of As Al brass. Ce is a suitable alternative to As as an alloying element in Al brass for
corrosion resistance improvement.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Copper-based alloys are widely used in marine environments,
due to their excellent electrical and thermal conductivity, good
corrosion resistance and ease of manufacture. Brass alloys have
wide industrial applications as condensers and heat exchanger sys-
tems in saline water [1]. Pitting corrosion [2], dezincification [3,4]
and stress corrosion cracking [5,6] of brass in water have been
widely studied. Dealloying, or dezincification, in brass may be
readily observed with naked eyes because the alloy develops a red-
dish color that contrasts with its original yellowish color. Gener-
ally, there are two types of dealloying. Uniform or layer
dealloying commonly occurs in high zinc alloys where the outer
layer is dealloyed and becomes dark while the inside is not af-
fected; plug dealloying is typified by the presence of the dealloyed
dark plugs in the unaffected matrix of low zinc alloys [7-11]. Two
theories have been proposed for dealloying of brass. One states
that there is anodic dissolution of the brass (both copper and zinc)
while the copper ions plate back from the solution on the remain-
ing brass surface as a porous layer; the other states that the less
noble alloying elements are selectively dissolved, leaving vacancies
in the brass lattice structure resulting in skeletal copper with poor
mechanical integrity [12].

In the past decade, many alloying elements have been used to
minimize the dezincification and corrosion of brass alloys. In par-
ticular, arsenic (As) has been added into several conventional brass
alloys, such as H68, HSn70-1 and HAI77-2 because it can inhibit
the dezincification of brass effectively [13,14]. Since As can pose
health and environmental problems, however, there is a need to
find suitable alternatives which can improve the corrosion
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resistance of brass alloys. Rare-earth elements are potential substi-
tutes for As [15].

In the present work, a new aluminum (Al) brass alloy with cer-
ium (Ce) and boron (B) additions has been developed with an aim
to replace for the As Al brass. In order to study the feasibility of Ce
as an alternative to As in Al brass, the corrosion behavior of the Ce
Al brass and that of the As Al brass has been studied by corrosion
tests and microscopic analysis.

2. Experimental procedures

Two Al brass alloys were prepared by induction melting and
mold casting. Their compositions are shown in Table 1. The surface
defects of the ingots, surface inclusion and surface oxide, were first
removed by mechanical milling. The ingots were then homoge-
nized at 1023 K for 2 h and subsequently rolled from a thickness
of 22 mm into strips of 2 mm thick. The strips were annealed at
837K for 1h. Specimens with dimensions of 1.8 x 20 x 40 mm
were cut from the strips and mechanically polished with glazing
machine.

The specimens were immersed into either NaCl (35 g/L) or NaCl
(35 g/L) + NH4CI (26.75 g/L) solutions for 30 days and the corrosion
products on the specimens were then removed by 1:1 hydrochloric
acid solution. The weights of the specimen both before and after
the corrosion tests were measured by TG328A analytical balance
with accurate of 0.1 mg. The corrosion rate of the specimen, R
(mm/yr), was determined by

m— (mg+m,)

k= pSt

(M

where m (g) is the weight of the specimen before corrosion, m, (g) is
the weight of the specimen after corrosion, m, (g) is the weight loss
of a non-corroded specimen immersed in the 1:1 hydrochloric acid
solution, p (g/mm?3) is the density of specimen, S (mm?) is the
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Table 1
The compositions of the As and Ce Al brass alloys

Alloying elements (wt%)
Cu Al Fe Ni As B Ce Zn

As Al brass 77 2.2 0.06 1.0 0.06 0.010 None
Ce Al brass 77 22 0.06 1.0 None 0.010 0.01

Balance
Balance

surface area of the specimen, and t = 0.0833 yr is the time that the
specimen was immersed in the solution. Besides corrosion products
were removed by hydrochloric acid solution, non-corroded matrix
alloy was removed, therefore the weight loss of a non-corroded
specimen (mo) immersed in hydrochloric acid solution should be
measured to correct the corrosion rate of the specimen (R).

The electrochemical analysis of the alloys was conducted by a
SI1287 electrochemical workstation with a speed of 2 mv/s, using
Pt as the auxiliary electrode and the saturated calomel electrode
(SCE) as the reference electrode. The CorrView software, Version
2.8d, was used to analyze the data.

Scanning electron microscopy (SEM) and energy dispersive X-
ray analysis (EDAX) were preformed to characterize the corrosion
products, using a Sirion200 field emission SEM equipped with
EDAX GENESIS 60.

3. Results and discussion

The two alloys are hot-rolled between 973 and 1023 K, no flaw
can be found in the hot-rolled plates as the reduction is to 91.6% for
Ce Al brass and 90.9% for As Al brass. The Ce Al brass as cast state is
cold-rolled, no flaw can be found in the cold-rolled plates as the
reduction is to 60%.

Table 2 shows the average corrosion rates of the alloys in the
NaCl (35 g/L) and the NaCl + NH4CI solutions. It shows that the
average corrosion rates of the Ce Al brass are slightly less than
those of the As Al brass.

Fig. 1 shows the polarization curves of the two alloys in the
NaCl solution. Table 3 shows the characteristic parameters of the
electrochemical test. R, is polarization resistance, Icorr is corrosion
current density and E., is corrosion potential. The corrosion po-
tential of the Ce Al brass is lower than that of the As Al brass. How-
ever, the polarization resistance of the former is about twice as
much as that of the latter, while the corrosion current density of
the former is about half as much as that of the latter.

Fig. 2 shows the secondary electron (SE) SEM images of the sur-
faces of the As Al brass and the Ce Al brass after being immersed in
the NaCl solution for 30 days. The images are representative for
practically the entire surfaces of the two alloys, which are very dif-
ferent. The corrosion product layer of the As Al brass is porous (Fig.
2a), while that of the Ce Al brass is dense (Fig. 2b).

Fig. 3a shows the backscattered electron (BSE) SEM image of the
cross-section of the As Al brass after exposure to the NaCl solution
for 30 days. The corrosion product layer has a non-uniform thick-
ness and has pores in it. The average thickness of these product
layers is 2.5 pm.

There are cracks at the interface between the corrosion layer and
the alloy matrix, which suggest that the bonding between the cor-

Table 2
The average corrosion rates of the As and Ce Al brass alloys

NaCl + NH,4CI solution (mm/yr)

0.016801
0.016798

Nacl solution (mm/yr)

0.007944
0.007732

As Al brass
Ce Al brass
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Fig. 1. The polarization curves of (a) As Al brass and (b) Ce Al brass in the NaCl
solution.

Table 3
Polarization resistance (Rp), corrosion current density (Icorr) and corrosion potential
(Ecorr) Of the As and Ce Al brass alloys

R, (Q[cm?) Teorr (Afcm?) Ecorr (V)
As Al brass 1387.8 1.8797E-5 —0.2638
Ce Al brass 2668.3 9.7768E—6 —0.3456

Fig. 2. SE SEM images of (a) As Al brass and (b) Ce Al brass after being immersed in
the NaCl solution for 30 days.

rosion layer and the alloy matrix is weak. At certain locations, the
corrosion product penetrates deeply into the matrix (see Fig. 3a).
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Fig. 3. (a) SEM image and (b) EDAX line scan results of As Al brass after exposure in
the NaCl solution.

The layer has also been delaminated from the surface of the matrix
at certain locations. SEM-EDX line scan was performed along the ar-
row in Fig. 3a and the distributions of Cu, Zn, Al, Ni, Cl and O are
shown in Fig. 3b. The concentrations of Cu and Zn in the corrosion
product layer are much lower than those in the matrix. That of Al in
corrosion product is lower than that in the matrix, however it is
higher in the interface than that in the matrix. The concentration
of Ni in the layer is almost the same as that in the matrix. The con-
centrations of O and Cl in the corrosion product layer are much
higher than those in the matrix. While the concentration of Cl stays
more or less the same throughout the corrosion product layer, the
concentration of O decreases steadily from the outer surface to-
wards the matrix.

Fig. 4a shows the backscattered electron (BSE) SEM image of the
cross-section of the Ce Al brass after exposure to the NaCl solution
for 30 days. The corrosion product layer is dense and has a uniform
thickness. The product layer adheres to the matrix and there are no
apparent cracks at the interface. No localized penetration of the
corrosion product into the alloy matrix is observed. There are per-
pendicular cracks observed in the corrosion product layer, which
are caused by the forces applied during the specimen preparation.
SEM-EDX line scan was performed along the arrow in Fig. 4a and
the results are shown in Fig. 4b. Qualitatively, the distributions
of Cu, Zn, Al, Ni, Cl and O are the same as those in Fig. 3b. However,
more pronounced decreases in Cu and Zn and increases in O and Cl
in the corrosion product layer are observed.
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Fig. 4. (a) SEM image and (b) EDAX line scan results of Ce Al brass after exposure in
the NaCl solution.

The SE SEM images of the As and the Ce Al brass alloys after
exposure for 30 days in the NaCl + NH4Cl solution are shown in
Fig. 5a and b, respectively. In As Al brass, the corrosion product
layer has been delaminated completely from the matrix, only can
the cracks (or grain boundary) be seen on the image. In Ce Al brass,
the majority of the corrosion product layer has also been delami-
nated from the matrix. In both cases, the grain boundaries of the
alloy matrix are clearly visible.

The addition of aluminum to copper increases its corrosion
resistance in sea water and salt solutions [16]. The corrosion resis-
tance of both bronze and brass with Al content up to 8% has been
attributed to a sustainable protective layer of alumina (Al,03)
which forms quickly on the alloy surface post-exposure to the cor-
rosion environment [17,18]. In this study, however, the high corro-
sion resistance of the As Al brass cannot be attributed to this
protective layer of alumina (Al,053). Fig. 3b shows that the corro-
sion product layer is composed of Cu, Zn, Ni, O and Cl, in addition
to Al. The corrosion products are likely to be a mixture of the oxi-
des and chlorides of Al, Cu, Zn and Ni. In the corrosion product
layer, there are considerable amounts of cracks and pores. The
layer has also been delaminated from the surface of the matrix at
certain locations. As a consequence, the protective function of
the corrosion product layer is not significant.

The corrosion resistance of Al brass can be increased by the
additions of As and B. The As in the brass alloys forms the “diva-
cancy-As” duplets, which could effectively inhibit the diffusion
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Fig. 5. SE SEM images of (a) As Al brass and (b) Ce Al brass after being immersed in
the NaCl + NH,Cl solution for 30 days.

and thus the preferential solution of Zn [14]. The addition of B in
the Al brass can not only refine the grains and strengthen the grain
boundaries but also fill the vacancies, inhibiting the diffusion of Zn
through these vacancies, resulting in improvement of the corrosion
resistance [14].

In the NaCl solution, the Ce Al brass is shown to have a slightly
higher corrosion resistance than the As Al brass. Compared with
the addition of As, the addition of Ce results in a little decrease
of free corrosion potential of the brass but a significant increase
of polarization resistance as shown in Fig. 1. Ce is an active element
and likely to be oxygenated which leads to a little decrease of free
corrosion potential of the brass, however the corrosion product
layer is dense and has a much improved bonding with the matrix
by it, as shown in Figs. 2 and 4a, which results in a significant in-
crease of polarization resistance. It is likely that this dense film
inhibited the diffusion of Zn atom from matrix into the solution
and thus increased the corrosion resistance.

In the NaCl + NH4ClI solution, the corrosion average rates of the
As Al brass and Ce Al brass are very similar and are much higher
than those in the NaCl solution.

As the brass is immersed into the solution with NH4", the anode
and cathode reactions take place

Anode reaction :
Cu+nNH; — Cu(NHs)?>* +2e (n=1,2,3,4)
Cu + Cu(NH3)%" — 2Cu(NH3)*" + 2e
Zn+nNH; — Zn(NH;)2" +2e (n=1,2,3,4)
Zn + Zn(NHs)3" — 2Zn(NH;)*" + 2e

Cathode reaction :
0, + 2H,0 + 4e — 40H

The reaction of Cu + Cu(NH3)3" — 2Cu(NH3)*" + 2e is self-catalysis
process. The complex compound of Cu(NH5)*" is water miscible
complex.

Therefore, the majority of the corrosion products of the Ce Al
brass in the NaCl + NH4CI solution are dissolved into the solution
and there is no corrosion product layer to cover the matrix. As a
consequence, the corrosion process can proceed continuously
without any protection. For the As Al brass, besides the Zn, the
majority of Cu has been released during immersing in the solution,
and As cannot be inhibited the diffusion of Cu. In any case, the cor-
rosion rate of the Ce Al brass is nearly the same as that of the As Al
brass. Ce is therefore a suitable alternative to As as an alloying ele-
ment in Al brass for improving the corrosion resistance.

4. Conclusions

(1) The hot-working and cold-working characters of the Ce Al
brass are good, and the suitable hot-working temperature
of Ce Al brass is between 973 and 1023 K.

(2) In the NaCl solution, the corrosion rate of Ce Al brass is
0.000212 mm/yr lower than that of the As Al brass.

(3) In the NaCl solution, the Ce Al brass has a 0.0818 V lower
corrosion potential but a 1280.5 Q/cm? higher polarization
resistance than that of the As Al brass. The corrosion product
layer is dense and has a much improved bonding with the
matrix by it.

(4) In the NaCl + NH,4CI solution, the corrosion rates of the two
alloys are much higher and have nearly the same value.
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