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Effect of Zn content on tensile and electrochemical properties of 3003 Al alloy
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Abstract: The effect of Zn addition on the microstructure, tensile properties and electrochemical properties of as-annealed 3003 Al
alloy was investigated through TEM observations, tensile tests and Tafel polarization analysis. High density precipitates are observed
in the Zn-containing alloys and the alloy with 1.8% Zn addition also has rod-like precipitates. Tensile test results indicate that Zn has
a great effect on tensile strength of 3003 Al alloy. The alloy with 1.5% Zn addition has the highest ultimate tensile strength. The
electrochemical results indicate that Zn addition to 3003 Al alloy also has great impact on the corrosion potential of the 3003 Al alloy
in 0.5% NaCl solution and ethylene glycol-water solution. The corrosion potential varies with the Zn content and shifts negatively.
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1 Introduction

Aluminum and its alloys are important metallic
materials for wide applications in various areas. Due to
its low cost, high specific strength, high thermal
conductivity as well as good corrosion resistance, 3003
Al alloy has been widely used for automotive heat
exchangers to replace more traditional materials like
stainless steels and copper alloys[1-2].

It is well known that alloying elements have a
strong influence on the microstructure and properties of
3003 Al alloys. Numerous investigations were carried
out to study the effect of alloying elements (such as Fe,
Si and Cu) on the Mn solubility in aluminum-based solid
solution and precipitation of dispersoids[3—8]. It was
found that Fe and Si greatly decreased the solubility of
Mn in solid solutions and accelerated the precipitation
rate, and Cu enhanced the decomposition of
supersaturated solid solution[9]. It was reported that Fe
promoted the precipitation of Alg(Mn, Fe) phase, while
Si promoted the precipitation of a-Al;;Mn;Si or Alj»(Mn,
Fe);Si (when Fe coexists)[10—11]. The size, quantity and
distribution of these particles could affect the properties
of 3003 Al alloy through certain mechanisms. MOORE
et al[12] investigated Al alloys containing various kinds

of second phases enriched with Mn, Zr, Fe or Cu and
identified their different effects on the corrosion of Al
alloys. FONLUPT et al[13] investigated the role of
second phase in stress corrosion cracking (SCC) of an
Al-Cu alloy. It was shown that the SCC susceptibility of
the alloy increased with increasing quantity of the second
phase particles at grain boundaries. However, the
influence of Zn, especially the Zn content, on the
microstructure and properties of 3003 Al alloy was rarely
reported.

In the present work, three kinds of 3003 Al alloy
foils with or without Zn addition were fabricated. The
microstructure, tensile properties and corrosion
resistance of the as-annealed foils were investigated
through transmission electron microscopy, tensile test
and electrochemical test, respectively.

2 Experimental

The chemical compositions of the Al alloys used in
this work are shown in Table 1. Three alloys contained
the same amounts of Mn, Si, Fe and Cu, but different
amounts of Zn. Corresponding alloy foils were produced
through the same processes, i.e., casting, hot rolling and
cold rolling. After a finish rolling, all the alloy foils (with
a thickness of 0.1 mm) were annealed at 380 °C for 2 h.
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Table 1 Chemical compositions of alloys (mass fraction, %)

Alloy Mn Si Fe Cu Zn Al

3003 Al 1.6 06 07 0.15 0 Bal.
3003 Al+1.5Zn 16 06 07 0.15 1.5 Bal
3003 Al+1.8Zn 16 06 0.7 015 1.8 Bal

Microstructures of the as-annealed alloys were
observed through TEM observation. The specimens for
TEM analysis were prepared through electrolytic
polishing in HC1O4 and methanol solutions, followed by
ion beam thinning. Tensile specimens were machined
from the annealed alloy foils. Tensile tests at room
temperature were then carried out at a tensile rate of 1
mm/min, and five specimens were taken for each alloy.
Ultimate tensile strength and elongation were measured.
The fracture surfaces were observed with scanning
electron microscope (SEM).

Specimens for the electrochemical testing were
degreased with acetone and rinsed in distilled water.
Three specimens for each test were used to confirm the
experimental results. All the electrochemical tests were
carried out at room temperature with two electrolyte
solutions. One was a 0.5% NaCl solution, and the other
was 50% ethylene glycol+50% distilled water (volume
fraction) with 100x10° CI", which was similar to the
automotive coolant. Tafel measurements were performed

on a three-electrode system through a CHI660C Interface.

The specimen, saturated calomel electrode (SCE) and a
platinum plate were used as the working electrode,
reference electrode and counter electrode, respectively.
The potential sweep rate was 1 mV/s. All potentials were
reported versus that of the SCE.

3 Results and discussion

3.1 Microstructure

Fig.1(a) presents the TEM images of precipitates in
the as-annealed 3003 Al alloy. Dispersoids with various
sizes ranging from several nanometers to about 100 nm
could be found. Most of the particles have ellipsoidal
shapes and precipitate inside the grain and only a few
particles precipitate at the grain boundaries (Fig.1(b)).
Fig.2 indicates that numerous particles distribute inside
the grains of the 3003Al+1.5Zn alloy and have a
spheroid shape. Fig.3 reveals that different kinds of
particles precipitate in the 3003Al+1.8Zn alloy. Besides
some spherical particles, quite a few rod-like particles
are also observed. By comparing the precipitations in the
three alloys above, it is found that the particle density
and uniformity are different for different alloys, and the
3003Al+1.5Zn alloy has a much more uniform
precipitates. Fig.4 presents the EDX analysis result of the

Fig.1 TEM images of 3003 Al alloy showing precipitates inside
grains (a) and at grain boundaries (b)

Fig.2 TEM images of 3003Al+1.5Zn alloy showing precipitates
inside grains (a) and at grain boundaries (b)
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Fig.3 TEM images of 3003A1+1.8Zn alloy showing precipitates
inside grains (a) and at grain boundaries (b)

dispersed particles, which mainly contain Al, Mn, Si
elements and/or Cu and Zn elements.

3.2 Tensile properties

Tensile test results of the three as-annealed alloys
are shown in Table 2 and Fig.5. The 3003Al+1.5Zn alloy
has the highest ultimate tensile strength, but the
elongation of this alloy is the lowest. The 3003Al+1.8Zn
alloy has the most balanced mechanical properties to
account for g, and d. Obviously, the addition of 1.5% Zn
to 3003 Al alloy could greatly enhance the tensile
strength of the alloy, but results in a decrease of
elongation of the alloy. The addition of 1.8% Zn could
not only enhance the tensile strength of 3003Al alloy but
also prevents a remarkable decrease of the elongation.

The difference in the tensile strength of the three
alloys could be explained by different strengthening
mechanisms. It is well known that there are several

Table 2 Tensile test results of alloys

Alloy Tensile strength/MPa  Elongation/%
3003 Al 133.05+2.57 7.47+0.75
3003Al+1.5Zn 160.22+4.43 4.18£0.79
3003Al1+1.8Zn 154.48+5.03 7.04£0.71
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Fig.4 EDX spectra of dispersed particles in 3003Al alloy (a),
3003Al+1.5Zn alloy (b) and 3003Al+1.8Zn alloy (c)

common strengthening mechanisms including strain
strengthening,  solid-solution  strengthening,
refining strengthening and precipitation or particle
strengthening. In this work, all the alloy foils were
fabricated through the same rolling (strain/deformation)
process, and there was no much difference in the grain
size of the three alloys according to our TEM
observations.  Thus, strain  strengthening and
grain-refining strengthening should not cause the
difference in tensile strength. In addition, the
solid-solution hardening is limited in the 3003 Al-based
alloys due to the low solubility of the alloying elements.
Therefore, the strength difference of the three alloys
should be mainly related to the precipitation/particle
strengthening mechanism. As shown above, the quantity
and types of dispersoids change with the addition of Zn
element, and the tensile strength changes accordingly.
The enhanced tensile strength due to Zn addition should
be closely related to a precipitation strengthening.

grain-
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The tensile fracture surfaces of the three as-
annealed alloys are shown in Figs.6—8. A large quantity
of dimples is observed in all the alloys, which indicates
that the tensile fracture mode is a typical ductile fracture.
The dimples vary in size. The larger dimples may form
(around bigger inclusions) during the early stage of
deformation and expand with the increase of
displacement, while the finer ones may nucleate around
relatively small particles in the later stage of tensile
deformation.
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Fig.5 Stress—strain curves of as-annealed alloys

Fig.6 Fractured surface morphologies of 3003 Al alloy: (a)
Low magnification; (b) High magnification

3.3 Electrochemical properties

Fig.9 shows the room-temperature polarization
curves of 3003 Al, 3003Al+1.5Zn and 3003Al+1.8Zn
alloys in the NaCl solution and the ethylene glycol-water
solution, respectively. The corrosion potential and
corrosion current density are listed in Table 2. It could be

Fig.7 Fracture surface morphologies of 3003Al1+1.5Zn alloy: (a)
Low magnification; (b) High magnification

Fig.8 Fractured surface morphologies of 3003Al+1.8Zn alloy:
(a) Low magnification; (b) High magnification

found that the corrosion potential of both 3003Al+1.5Zn
alloy and 3003Al+1.8Zn alloys is more negative than
that of 3003Al alloy, and the corrosion potential of
3003A1+1.8Zn aluminum alloy is higher than that of
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Fig.9 Tafel polarization plots of alloys: (a) In 0.5%NaCl
solution; (b) In ethylene glycol-water solution

Table 2 Tafel polarization parameters of alloys in different

solutions
Electrolyte @corr(vs SCE)/ Jeor!
. Alloy 5
solution mV (pA-cm )
3003 Al —622 6.560
0.5%NaCl  3003Al+1.5Zn —855 13.77
3003A1+1.8Zn —744 13.60
3003 Al —438 0.225
Ethylene

3003A1+1.5Zn —633 0.966

glycol-water
3003A1+1.8Zn —612 0.991

3003Al+1.5Zn alloy. The polarization curves of 3003 Al,
3003Al+1.5Zn and 3003Al+1.8Zn alloys in the ethylene
glycol-water solution are similar to those tested in the
NaCl solution. However, all the alloys in the ethylene
glycol-water solution have a higher corrosion resistance
than those in the NaCl solution. This suggests that the
addition of Zn to 3003 Al alloy would decrease the
corrosion resistance of 3003 Al alloy in the above two
solutions. Figs.10—12 present the surface morphologies
of the corroded alloys in two solutions. It could be found
that 3003Al+1.5Zn alloy is more severely corroded in

the 0.5%NaCl solution during the electrochemical test.
No obvious corrosion is observed in the ethylene
glycol-water solution, which suggests that the corrosion

Fig.10 Corrosion surface morphologies of 3003 Al alloy after
polarization test in (a) 0.5%NaCl solution and (b) ethylene
glycol-water solution

Fig.11 Corrosion surface morphologies of 3003Al+1.5Zn alloy
after polarization test in 0.5%NaCl solution (a) and ethylene

glycol-water solution (b)
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200 um)
Fig.12 Corrosion surface morphologies of 3003Al+1.8Zn alloy
after polarization testing in 0.5%NaCl solution (a) and ethylene

glycol-water solution (b)

in the latter solution is lighter than that in the NaCl
solution. A large quantity of particles could be seen on
the corroded surface, as seen in Fig.11(a), which implies
that the corrosion resistance is highly related to the
quantity of particles. The more dispersoids the alloy
contains, the stronger the corrosion sensitivity of the
alloy is[14]. It could be predicted that the shapes of the
particles also have an influence on the corrosion property
of the alloy. The dispersoids with rod-like shape could
cause more severe lattice distortion than spherical
particles and thus form microcracks during the rolling
process[15—16]. Therefore, easy corrosion could initiate
in the surroundings of rod-like dispersoids.

4 Conclusions

1) For the three as-annealed alloys, high density
particles precipitate inside the grains and only a few
precipitate at the grain boundaries. The 3003Al+1.5Zn
alloy has a uniform precipitation behavior and some
rod-like precipitates are also observed in the
3003Al+1.8Zn alloy.

2) Zn has a strong influence on the tensile strength
of the 3003 Al alloy. The 3003Al+1.5Zn alloy has the
highest ultimate tensile strength but the lowest
elongation. The 3003Al1+1.8Zn alloy presents the most
balanced mechanical properties.

3) Zn has a great impact on the corrosion resistance
of 3003 Al alloy. It causes a negative shift of the
corrosion potential of the 3003 Al alloy.
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