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Abstract: The corrosions resulting from defects in painting layers frequently occur in Al alloys, so the application of corrosion
preventing systems is also very important. Optimum conditions in terms of electrochemistry in relation to solution treatment,
quenching and artificial aging treatment were established in order to optimize precipitation strengthening conditions intended to
enhance the strength of Al alloys. Slow strain rate tests (SSRT) at various applied potentials were conducted in potential range from
—1.8 to —0.5 V. The results show that the maximum tensile strengths, elongations and time-to-fracture are shown to be high values.
After precipitation strengthening heat treatment, a tendency appear that time-to-fracture increases as elongation increases. In the
potential range from —1.3 V to —0.7 V, the specimens show excellent mechanical properties, and thus this range is considered to be a

corrosion prevention range.
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1 Introduction

FRP materials that have been generally used in
leisure boats etc are vulnerable to fires, and hardly reflect
radar waves produced by medium/large vessels, resulting
in strong possibilities of ship collisions. With the
promotion of marine tourism industry in islands regions,
there is high possibility of aluminum ships to be built as
marine sports ships, fishery guidance ships, maritime
police vessels, probes and patrol boats. In particular,
since the southwestern coast of Korea has shallow water,
the bottom of ship is likely to be bumped against the
seabed and thus to be damaged. Furthermore, these
vessels are operated at high speeds. Therefore, the
development excellent
corrosion resistance is very important. Although
aluminum is much more corrosion-resistant than steel, it
was reported that corrosions resulting from defects in

of aluminum alloys with

painting layers frequently occur in aluminum boats [1-2].

Therefore, the application of corrosion prevention
systems is also very important. Aluminum and its alloys
can be strengthened by precipitation strengthening heat
treatment. The precipitation strengthening consists of

three stages: solution heat treatment, quenching and
aging treatment [3]. Aside from the precipitation
strengthening, there are mechanical methods including
shot peening and friction stir processing. The shot
peening is a method to refine surface microstructure by
impacting a surface with shot(round steel particles) of
high speeds [4—6]. The friction stir processing [7] is an
application of friction stir welding [8—10] as a surfacing
method that is implemented by rotating a probe placed
on the surface of base metal to generate heat, then
inserting the probe into the metal. This method is mainly
applied for cast products. In the past, heat treatment of
aluminum has been mainly approached from the aspect
of strength enhancement, and the investigations of heat
treatment on electrochemical characteristics are very rare.
Optimum conditions in terms of electrochemistry in
relation to solution treatment, quenching and artificial
aging treatment have been established in order to
optimize the precipitation strengthening conditions
intended to enhance the strength of aluminum alloys [11].
In this work, the optimum conditions in application of
impressed current cathodic protection method were
investigated with slow strain rate test (SSRT) for
precipitation strengthening heat treated specimens in
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seawater.
2 Experimental

The 5083F Al alloy(Si 0.09%, Fe 0.289%, Cu
0.018%, Mn 0.589%, Mg 4.449%) was selected as a
material among 5000 series alloys. In general, 5000
series are highly strong alloys added with Mg as main
additive and they are often used in marine structures or
pressure vessels as they have good weldability and
corrosion resistance even in seawater environments [12].
The specimens used for electrochemical tests were
polished with emery paper up to 1000#, washed with
acetone and distilled water and then dried. Polarization
experiments were conducted in natural seawater at room
temperature using specimens with an exposed area of
1 cm®, a Ag/AgCl electrode as reference electrode and a
platinum electrode as counter electrode at a scan rate of
2 mV/s. Anodic polarization was performed from —0.5 V
to 3.0 V at an open-circuit potential while cathodic
polarization experiments were conducted to —2.0 V at an
open-circuit potential. SSRT was conducted with a strain
rate of 0.001 mm/min at room temperature with various
applied potentials in seawater. Notches(l mm x 1 mm)
were made on parallel areas(16 mm?) in order to induce
fracture on parallel parts.

3 Results and discussion

The precipitation strengthening heat treatment
progressed in the order of solution treatment, quenching
and aging hardening. Solution treatment was carried out
at 420 °C with various holding time, and the specimens
were water-cooled, thereafter artificial aging was
executed at 180 °C for 240 min.

Figure 1 presents the cathodic polarization curves of
specimens heat treated at 420 °C for various time,
water-cooled, followed by artificial aging at 180 °C for
240 min. In general, the specimens showed a tendency of
active dissolution reactions at open-circuit potential,
concentration polarization caused by dissolved oxygen
reduction reactions (O, + 2H,0 + 4¢ — 40OH ) and
activation polarization2H,0 + 2¢ — H, + 20H)
caused by hydrogen gas generation. The current densities
of alloys with heat treatment presented low values
compared to those in non-heat treatment conditions. It is
expected that corrosion resistance will be improved when
the impressed current cathodic protection system is
applied. In this cathodic polarization curve, the turning
points of the concentration polarization induced by
dissolved oxygen reduction reactions and the activation
polarization are compared with each other, in order to
compare the range of cathodic protection potential
without effect of hydrogen embrittlement. The optimum
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Fig. 1 Cathodic polarization curves of 5083F Al alloy heat
treated at 420 °C for different time

solution treatment holding time is determined to be 120
min, showing the best properties.

Figure 2 shows the anodic polarization curves of
specimens heat treated at 420 °C for various time, water
cooled and then artificial aged at 180 °C for 240 min.
Since corrosion current densities of heat treated alloys
generally presented lower values than those of non-heat
treated alloys, it can be said that corrosion resistance was
improved by heat treatment. The specimens showed very
similar tendencies at above —0.4 V on anodic
polarization curve. It is considered that, in that condition,
stress corrosion cracking properties of the alloys with
heat treatment would not be much different from those of
alloys without heat treatment. When the corrosion
current densities and corrosion potentials around open
circuit potential were compared with each other, the
alloy heat treated at this temperature for 120 min showed
good characteristics. Therefore, the optimum condition
for solution treatment is considered to be conducting heat
treatment for 120 min at 410 °C followed by water-
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Fig. 2 Anodic polarization curves of 5083F Al alloy with
different heat treatment time at 420 °C
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cooling and artificial aging treatment for 240 min at 180
°C. In our previous cook, the alloy without heat
treatment showed hardness of HV 80.72, thus it could be
seen that the hardness values were enhanced by heat
treatment [11]. It is considered that heat treatment forms
the minutely diffused precipitation matter into the alloy,
thereby making the dislocation pass or go around the
precipitate particles when external force works. It is
considered that strengthening of material is
accomplished by the prohibition of dislocation
shifting [3].

Figure 3 represents the relationship between the
maximum tensile strength and the applied potentials
during SSRT of the alloys with and without precipitation
strengthening heat treatment. It was established that the
optimum corrosion protection potential of the specimens
in non-heat treated state was —1.4 to —0.7 V, where stress
corrosion cracking and hydrogen embrittlement would
not occur [11]. In this study, potentiostatic SSRTs were
conducted in a potential range of —1.9 to —0.4 V, which
was wider than the optimum corrosion protection
potential range. Based on the results, the maximum
tensile strength of the alloys with heat treatment was
shown to be higher in the range determined as the
optimum protection potential compared with the alloy
without heat treatment, and the highest value occurred at
—0.7 V. However, the lowest value in corrosion
protection range occurred at —0.8 V. The reason for this
is considered to be that —0.8 V is close to the natural
potential and thus corrosions such as pitting occurs due
to the invasion of chloride ions in the seawater
environment. In addition, as can be seen through the
electrochemical experiments, with increasing potential to
the negative direction from the optimum protection
corrosion range, hydrogen embrittlement was observed
due to the generation of atomic hydrogen or molecular
hydrogen. As the potential increased to the noble
direction, a tendency of rapid increase in current
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Fig. 3 Effects of applied potential on maximum tensile strength
of alloys during SSRT in sea water

densities resulting from stress corrosion cracking was
shown. Similarly, according to the results of the SSRT,
when the tests were conducted in the condition where the
specimens were more cathodically or anodically
polarized than the optimum corrosion protection range,
rapid decrease in the maximum tensile strength value
could be observed. The alloys with heat treatment
showed better behaviors compared to the alloy without
heat treatment in the optimum corrosion protection
range.

Figure 4 shows the relationship between the yield
strength and the applied potential during SSRT in sea
water for the precipitation strengthening heat treated
specimen. No particular correlations were observed
between the yield strength and heat treatment or applied
potentials. In the study of the hydrogen embrittlement of
high tensile steel in a marine environment, the maximum
tensile strength and yield strength did not show any
particular correlations with applied potentials, welding
methods and post weld heat treatment after welding
[13—14]. In addition, like the case of 5456 Al alloy,
5083F Al alloy showed correlations of the maximum
tensile strength with the applied potentials while the
yield strength did not [15].

200

—_

\O

(=)
T

—

0

(e}
T

—

3

(=)
T

—_

[N

(=}
T

Yield strength/MPa

150 - o — Non-heat treatment
e — With heat treatment

140 . . ! ! ) ! !
-20-18 -1.6 -14 -12 -1.0 0.8 -0.6 -0.4
Applied potential (vs SCE)/V

Fig. 4 Effects of applied potential on yield strength of alloys
during SSRT in sea water

Figure 5 shows the relationship between elongation
and the applied potential during SSRT in seawater for the
precipitation strengthening heat treated specimens. In
general, elongation is improved by heat treatment. As
considered in the previous work on relationship between
the maximum tensile strength and the applied potentials,
good values were present in the range of the optimum
In SSRT of the
specimens polarized further cathodically, elongations

corrosion protection potentials.

decreased with cathodic polarization due to the hydrogen
embrittlement caused by atomic hydrogen and molecular
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Fig. 5 Effects of applied potential on elongation during SSRT
in seawater for precipitation strengthening heat treated

specimen

hydrogen. When the specimens were polarized more
anodically, meanwhile, low elongations were shown due
to the increase of dissolution reactions on the metal
surfaces. Since, in the precipitation strengthening heat
treated condition, anodically polarized potentials showed
lower elongations compared to cathodically polarized
potentials. It can be seen that the effect of stress
corrosion cracking was shown to be larger than that of
hydrogen embrittlement.

Figure 6 presents the relationship between the
time-to-fracture and the applied potential of the
specimens  with  precipitation strengthening heat
treatment during SSRT in seawater. It suggests that the
heat treatment improved the time-to-fracture. Moreover,
the increase in time-to-fracture corresponded to the
increasing trend in elongations. This is because
elongations would increase with increasing ductility,
which makes fracture surface dimple pattern and
produces many shear lips, consequently resulting in long
time-to-fracture. Especially for the applied potential of
—0.7 V, because the elongation and time-to-fracture are
long, it is considered that the specimens are under the
optimum cathodic protection and are not affected by
hydrogen embrittlement and stress corrosion cracking.
However, the lowest value of time-to-fracture was shown
at —0.8 V in the corrosion protection range. The reason is
considered to be that —0.8 V is close to the range of
natural potential and thus phenomena such as pitting
occurred due to the chloride ion in seawater. When
SSRT was carried out for the notched heat-affected
zone(HAZ) of high tensile steel in order to assess the
characteristics of HAZ, hydrogen embrittlement was
observed in the range corresponding to the corrosion
protection potential by stress concentration due to the
hydrogen attack at the notches. That is, the hydrogen
embrittlement was observed at slightly noble potential in
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Fig. 6 Effects of applied potential on time-to-fracture during
SSRT in seawater for precipitation strengthening heat treated
specimen

notched specimens rather than outside of the notched
area [13—14].

Figure 7 depicts the fractured specimens of 5083F
Al alloy with precipitation strengthening heat treatment
when SSRT was conducted in air and at various applied
potentials. When the experiments were conducted in air
without any effects of seawater, neither the effect of
hydrogen embrittlement nor the stress corrosion cracking
was observed. The specimens were fractured, showing
smooth and clean surface. At the potentials of —0.5 V
and -0.6 V, the pitting corrosion occurred
simultaneously due to dissolution reactions, which were
observed mostly in the center of the parallel area. More
dissolution reactions occurred at —0.5 V than at —0.6 V.
This is considered to be due to the dissolution reactions
progressed under higher current densities in the anodic
polarization curve. At the corrosion protection potential
range from —1.3 V to —0.7 V, the specimens were
fractured with smooth fracture surface. Although the
potential of —1.4 V corresponds to corrosion protection
potential from electrochemical view, the mechanical
properties were decreased based on the results of the
SSRT. This is considered to be due to the effect of
hydrogen generation on the surfaces of the specimens. In
contrast, in the range of —1.8 V to —1.6 V, the formation
of white coating on the specimen surface can be seen
during corrosion protection in progress. If the cathodic
protection is applied in seawater, electrodeposits such as
Mg(OH), and CaCOj; are precipitated on the surface of
the cathode. Although these films consisting of CaCO;
and Mg(OH), have corrosion resistant characteristics, it
can be seen that thick film formed at —1.7 V to —-1.6 V
while thin film formed at —1.8 V. This is because more
hydrogen gas generation obstructs core creation of
electrodeposits. These electrodeposits showed inferior
mechanical and electrochemical properties, due to the
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Fig. 7 Photographs of fractured specimen after SSRT for precipitation strengthening heat treated specimens in air and at various

applied potentials

insufficient time to form compact and thick
electrodeposit coating. The incompact electrodeposit
coating was formed by hydrogen gas generation. The
crevice corrosion by micro galvanic cell formation
between the electrodeposit coating and the base metal
occurred. The precipitation strengthening heat treatment
improved concentration polarization resulting from
dissolved oxygen reduction reactions. Therefore, the heat
treated specimen would be affected less by hydrogen
embrittlement caused by hydrogen gas generation, and
consequently the mechanical properties were promoted.
Figure 8 presents the fractographs of aluminum
alloy 5083F specimens after SSRT in various applied
potentials. In air, dimple pattern fracture surface which is
typical shape of ductile fracture was generally observed.
More dimples and shear lips were observed compared to
those of the non-heat treated specimen [11]. At the
applied potentials of —0.5 V and —0.6 V, since these
potentials correspond to stress corrosion cracking range,
the similar fracture surface was observed as that in air
while more semi-cleavage fracture was observed. At the
applied potential of —0.7 V, where the specimen shows
the most excellent mechanical properties, much more
dimples and shear lips were observed compared to those
at other potentials, suggesting that the elongation was the
highest. At the potential of —0.8 V, both dimple fracture
and semi-cleavage fracture were observed. In the
corrosion potential range from —1.3 V to —1.0 V, dimple
fracture surface and the shear lips were generally
observed. Besides, at the potentials of —1.8 Vto —1.6 V,

the effect of hydrogen embrittlement was observed and
dimple pattern of ductile fracture surface was very rarely
observed. This suggests the short elongation and
time-to-fracture. In general, it can be seen that
precipitation strengthening heat treatment increased the
ductility of specimens. And thus elongation and
time-to-fracture were increased.

4 Conclusions

As for the cathodic polarization of precipitation
strengthening heat treated 5083F aluminum alloy, a
tendency of concentration polarization and activation
polarization was observed caused by the reduction
reaction of dissolved oxygen and the hydrogen
generation, respectively. SSRT conducted in a potential
range of —1.8 V to —0.5 V showed high values of the
maximum  tensile strength, elongation and
time-to-fracture. After precipitation strengthening heat
treatment, time-to-fracture appeared to be increased with
elongation increasing. This is because the ductility
increased with increasing elongation. This results many
dimple patterns and shear lips of fracture surface. In the
applied potentials range of —0.5 V and —0.6 V, stress
corrosion cracking occurred. In the range of —1.3 V to
—0.7 V, the specimens showed excellent mechanical
properties. Since the patterns of semi-cleavage fracture
were observed apparently in the potential of —1.8 V to
—1.3 V, it is considered that hydrogen embrittlement
affected specimens.
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Fig. 8 Fractographs after SSRT for precipitation strengthening heat treated specimens at various applied potentials: (a) In air; (b)
—0.5V; (c) 0.6 V; (d) —0.7 V; () 0.8 V; () —1.0 V; (g) —1.2 V; (h) -1.25 V; () -1.3 V; () -1.6 V; (k) -1L.7V; () -1.8 V
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