Aluminum Alloys, Vol. 3 1657

EFFECT OF Zn ADDITION ON INTERGRANULAR
CORROSION RESISTANCE OF Al-Mg-Si-Cu ALLOYS
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ABSTRACT The under-paint film corrosion phenomenon and its prevention method for the 6000
wcries aluminum alloy sheet have been investigated. Cu-containing Al-Mg-Si alloys were
.usceptible to intergranular corrosion and the corrosion rate significantly increased under the film.
The mechanism of the intergranular corrosion was the selective dissolution of the Mg,Si phase that
precipitated in the grain boundaries. Also the phenomenon was galvanically induced between less
noble Mg,Si and the noble Cu-containing grain body. A small amount of Zn addition was markedly
cffective to prevent intergranular corrosion and, therefore, improve the corrosion resistance of a
painted sheet.
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I.INTRODUCTION yl
The 5000 series Al-Mg alloys have mainly been selected from the viewpoint of good formability

for automotive body panels, but these alloys have a problem of stretcher strain marks(SSM) after
hard forming. Recently, there has been a big demand for the 6000 series Al-Mg-Si alloys because of
is age hardening that provides cost reduction, and the prevention of the SSM problem. However,
A1-Mg-Si alloys have problems of less phospatability and corrosion resistance than those of the
11-Mg alloys. Although Cu in the Al-Mg-Si alloy was effective for increasing the forming rate of
he zine phosphate films, the filiform corrosion resistance significantly deteriorated in the alloys
containing more than around 0.3%Cu. In these alloys, severe intergranular corrosion was observed
under the painted film.

In this paper, the effect of Cu content on the susceptibility to intergranular corrosion of the ~ Al-
Mg-Si alloys was investigated. Also a prevention method against intergranular corrosion by Zn
addition to the alloys was proposed to improve the corrosion resistance of the painted aluminum

sheet.

2. EXPERIMENTAL PROCEDURE
2.1 Specimen

The chemical compositions of the alloys are listed in Table 1. After homogenization at 813K for
“ hours, and grinding the surface, the ingots were hot-rolled then cold-rolled into 1mm thick sheets.
The sheets were solution treated at 813K for 2 hours and then quenched in water. They were then
aged at 443K for 15 minutes (baking treatment), at 473K for 60 minutes to 180 minutes (peak
aging), and at 473K for 24 hours (over aging). All specimens were immersed into a 5% HNO,
olution at 293K for 5 minutes, and then pickled in a 10% NaOH solution at 293K for 3 minutes.
After rinsing with water, they were finally passivated in a 5% HNO, solution at 293K for 1 minute.

2.2 Electrochemical measurements ) _—
The size of the specimen was 150mm long and 70mm wide. Electrochemical polarization

measurements were carried out in 2.67% AICl, solution. The polarization curves were
sotentiodynamically measured with a scanning rate of 0.5mV/s. A saturated calomel electrode(SCE)
w5 used for the reference electrode. Galvanostatic anodic dissolution at 0.3mA/cm’ was carried out
1 4 solution containing 300ppm CI ion and 100ppm SO,* ion at room temperature for 24 hours.
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2.3 Painting
The specimens were treated in a zinc phosphate solution for 2 minutes followed by the ¢
electrodeposition coating(20 £ m), intermediate coating(30 £ M) and top coating(30 /£ ).
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2.4 Evaluation of corrosion resistance

One side of the painted surface was scribed to the depth of the substrate. The conditions

corrosion test are shown in Table 2. The length of the filiform corrosion was measured ait
corrosion test.

3.RESULTS AND DISCUSSION

Table 1 Chemical composition of specimens.(wt % )

No. Mg Si Cu Zn No. Mg Si Cu Zn
1 0.81 | 0.82 tr. tr. 7 0.81 | 0.83 0.45 tr.
2 0.83 | 0.80 | 0.05 tr. 8 tr. 1.05 tr. tr.
3 0.81 | 0.83 | 0.09 tr. 9 0.81 tr. tr. tr.
4 0.85 | 0.85 | 0.14 tr. 10 0.80 | 0.83 0.20 0.10
5 0.80 | 0.81 | 0.20 tr. 11 0.83 | 0.79 0.20 0.28
6 0.80 | 0.81 | 0.29 tr. 12 0.84 | 0.80 0.22 0.48

Table2 Test condition of cyclic corrosion test
step condition cycle
1 salt spray 0.5%NaCl,308K,2 hours
2 |dry 333K,4 hours 120
3 humidity 323K,2 hours,RH 95%

3.1 Mechanism of intergranular corrosion of Al-Mg-Si-Cu Alloys.

Intergranular corrosion susceptibility of various Cu-containing alloy specimens was evalut
anodic dissolution. The results are shown in Table 3. The alloys containing more than 0.2

susceptible to intergranular corrosion after the baking treatment for an automotive body at 4+2
20 minutes. Even the 0.05%Cu-containing alloy become susceptible to intergranular corrosio”

peak aging. Similar susceptibility results were obtained by the immersion test in 1 ppm Cu

N

containing tap water at 313K for 7 days, a condition that was closer to the atmospheric environ:

As the measurement of the dissolution potential of the phases obtained after baking treatic

electrochemical polarization has proved to be a very useful tool to solve the mechanism

highly selected dissolution like intergranular corrosion. The pitting potential of the specimens
in Table 3 were measured, and the results are shown in Figure 1. The potential of the so
treated specimens were highly noble due to Cu addition even at a concentration as low as (.03
the other hand, the potential of the baking treated and peak aged specimens were in the range !
-710mV to -730mV, independent of Cu content, which were estimated to be the disst

potential of the grain boundaries. Mg,Si is a common compound pricipitated in the Al-Mg->
alloy. To estimate the dissolution potential of the Mg,Si precipitates, the polarization curve
Al-4%Mg-1%Si alloy containing coarse Mg,Si precipitates was measured[1]. The potentid!

active dissolution of the Mg,Si compound was confirmed to be the same as that of the

boundary corrosion measured in Figure 1. SEM photomicrograph of the morphorogy of the

boundary dissolved by anodic dissolution for 1 hour are shown in Figure 2. In the case of
1%Si alloy (b), facet pitting of the precipitation solute depleted type[2] was observed in the vi.
of the grain boundaries. On the other hand, the dotted selective dissolution along the
boundaries was observed in the Al-Mg-Si alloy(a). From these results, it was suggesic:
preferential dissolution of Mg,Si was the cause of the intergranular corrosion of the Al-Mg>

alloys.
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Table 3  Effect of Cu content and heat treatment on susceptibility to intergranular
corrosion after anodic dissolution.

Heat Cu(%) Less | 0.05 | 0.09 | 014 | 020 | 029 | 0.4s
Treatment

As Solutiontreated O O O O O O O
443K,20min O O O O | OaA A A
473K,60min OA @ ® @ ® ] @
473K,180min O L ® @ & 9 ®
473K, 24hr O O O O O O O
Corrosion forms:OPitting, ASlight intergranular corrosion,

@ Well-defined intergranular corrosion (o)

—&— solution treated —A— 443K, 20min |
—a— 473K, 60min —%—473K,180min |
—®— 473K,24hr

-660 - i —

N
&
S

=

[(mV vs.SCE

~760 N
0.0 0.2 0.4 0.6 Nl ;
Cu content(%) 10pm
Figure 1 Effect of Cu content and heat Figure 2 Surface observationon
treatment on pitting potential of AI-0.8Mg-0.8Si-0.45Cu and Al-1.0Si alloys
Al-Mg-Si alloy . after anodic dissolution for 2 hours.

Based on the outcome of the test, a schematic representation of the intergranular corrosiqn
mechanism of the Al-Mg-Si-Cu alloys is shown in Figure 3. The pitting potential of the grain
bodies become noble by the addition of a slight concentration of Cu. When the alloys are agfzd,
Mg.Si precipitates are formed in the grain boundary. The precipitates have a less noble dlssjolutlon
potential than that of the grain bodies. Accordingly, the susceptibility to intergranular cor'rosmn was
induced by the formation of precipitation in the grain boundary. On the other hand, in the over
aging treatment, the precipitation also occurs within the grain bodies, which leads to no potengal
difference between the grain boundary and grain body. In that structure, intergranular corrgswn
does not occur any more. Based on the discussion, intergranular corrosion can be controlled if the
dissolution potential of the grain bodies becomes less noble than that of Mg,Si. Zn was select.e.d.as
the additional element in the alloys because of its potential lowering effect within the solubilities
limit.
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Table 4  Effect of Zn content and heat treatment on susceptibility to intergranular
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corrosion after anodic dissilution

Zn(%) solution 443K 473K 473K 473K
treated 20min 60hr 180min 24hr
tr. O ® & ] O
0.60 O O ® ® ®
1.17 O @ & [ ) ¥
1.78 O ® ® ® ®

[Evaluation] Opitting, .intergranular corrosion

—#— solution treated —&— 443K, 20mn1in
—#— 473K,60min —@— 473K 24hr
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Figure 3 Schematic representation of
intergranular corrosion mechanism
of Al-Mg-Si-Cu alloy.

Figure 4 Effect of Zn content and heat
treatment of Al-Mg-Si-Cu alloy.

3.2 Effect of Zn content

Table 4 shows the effect of Zn content and heat treatment on the susceptibility to intergiart
corrosion of the Al-0.8Mg-0.8Si-0.2Cu alloys. Intergranular corrosion in the 0.19%Zn-cont.
alloy did not occur after baking treatment at 443K for 20 minutes. F igure 4 shows the effec!
content and heat treatment on the pitting potential of the Al-0.8Mg-0.8Si-0.2Cu alloy. The »
potential of a solution-treated alloy decreased by the addition of Zn. The dissolution potential ¢
O.I%Zn—containing alloy was the same as that of Mg,Si. Therefore, as a result of no different
the potential between the two, selective dissolution was supressed. But in the alloys cont
more than 0.1%, intergranular corrosion occurred. It was phostulated that the intergranular corro
mechanism was different from the preferential dissolution of Mg,Si precipitates, becaus.
dissolution potential of the alloys were lower than that of Mg,Si. Figure 5 shows a SEM micro:
of the grain boundary after anodic dissolution for 1 hour. Morphology of the intergranular corro
of Zn containing alloys suggested a solute depleted zone type. Figure 6 showed the mechanis!
the Zn added alloys[3]. In Al-Mg-Si-Cu-Zn alloys, the Si-depleted zone was the least nob
content in the alloys was considered to have an effect on the potential of the solute depleted zon-
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Disolution potential
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Figure 5 Surface observation of Zn-containing Figure 6 Schematic representation of
alloy after anodic dissolution for 1 hour. intergranular corrosion mechanism of

Al-Mg-Si-Cu-Zn alloys.

3.3 Effect of the corrosion characteristics on corrosion resistance of painted Al-Mg-Si series
alloy sheet.

Figure 7 shows the effect of the Cu content in the alloys on the amount of the zinc phosphate film
and on the length of the filiform corrosion. Although the phosphate film amount significantly
increased with an increase in Cu content, the corrosion resistance deteriorated. Therefore, the
corrosion characteristics had an important effect on the growth of the filiform corrosion. A cross-
sectional view of filiform corrosion area is shown in Figure 8. The corrosion products under the
painted film lifted the film, and severe intergranular corrosion of the aluminum alloy substrate was
observed. In addition, the progress of intergranular corrosion under the adhered paint (a) and
collapse of the grain (b) were also observed. As mentioned above, Zn addition had the effect of
preventing intergranular corrosion of that described. Figure 9 shows the relationship between the
amount of phosphate film and the length of the filiform corrosion[4]. The intergranular corrosion
preventing 0.10%Zn-containing alloy had excelent corrosion resistance.
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Al-0.8M g-0.8Si-Cu _ s
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;g ‘E = 2 5
E 2 E _2 3
g1 g 2! <
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0 0.1 0.2 0.3 0.45 less 0.10 0.28 0.48
Cu content (%) Zn content (%)
Figure 7 Effect of Cu content on amount of Figure 9 Relationship between the amount
zinc phosphate film and length of filiform of phosphate film and the length of filiform

corrosion of Al-Mg-Si-Cu alloys. corrosion of Al-Mg-Si-Cu-Zn alloys.
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Figure 8 Cross-sectional view of corrosion area.

4.CONCLUSIONS
The obtained results are summarized as follows. -
(1)Intergranular corrosion had an activated effect on the filiform corrosion growth under the ©

film.

(2) The alloys containing more than 0.2%Cu were susceptible to intergranular corrosion after ¢
baking treatment. Intergranular corrosion occurred by the preferential dissolution of less no-
Mg,Si pricipitates in the grain boundaries.

(3)As a result of the difference in the potential between the two, it was reduced to almost zere y
addition of the appropriate Zn, and intergranular corrosion was supressed. Zn addition wus
effective to suppress the intergranular corrosion of Al-Mg-Si-Cu alloys. _

(4)Controlling the intergranular corrosion had a significant effect on improving the corrosion

resistance of painted sheets.
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