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The electrochemical properties and the mechanism of formation of anodic oxide films on Mg alloys containing
0-15 mass% Al, when anodized in NaOH solution, were investigated by focusing on the effects of anodizing
potential, Al content, and anodizing time. The intensity ratio of Mg¢@tthe XRD analysis decreased with
increasing applied potential, while that of MgO increased. Mg{@id} barely detected at 80 V, while MgO

was readily detected. The anti-corrosion properties of anodized specimens at each constant potential were
better than those of non-anodized specimens. The specimen anodized at an applied potential of 3 V had the best
anti-corrosion property. The intensity ratio of fBiphase increased with aluminum content in Mg-Al alloys.
During anodizing, the active dissolution reaction occurred preferentiglplase until about 4 min, and then

the current density increased gradually until 7 min. The dissolution reaction progresggtse, which had

a lower Al content. In the anodic polarization test in 0.017 mof-tiaCl and 0.1 mol-dmMNaSQ; at 298 K,

the current density of Mg-15 mass% Al alloy anodized for 10 min increased, since the anodic film that forms
on thea phase is a non-compacted film. The anodic film onatghase at 30 min was a compact film as
compared with that at 10 min.
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Introduction aluminum®* Khaselewt al reported the anodic behavior of
binary Mg-Al alloys in KOH solutions over a wide range of
Of the common metals, magnesium has the lowest densitgpplied potentials, emphasizing the effect of aluminum content
it also has excellent specific strength. Magnesium must ben the passivation phenomena and spark potéhfiahas
surface treated to prevent corrosion, since it is a very activalso been reported that the effect on an anodizing film of
metal electrochemically. There are many ways to treat thaluminum ionsn the solution is more remarkable than that
surface of magnesium and its alloys, including anodizingpf the Al added to Mg-Al alloys. The current density during
painting, and electroplating. Dow 17 bath is generally usednodizing effectively decreases with increasing AdOntent
to anodize magnesium alloys in the commercial chemicain the solution'>®
industry. However, Dow 17 bath, which contains chromate This study characterized anodic oxide films, using parameters
and fluoride, causes many problems for humans and theuch as the anodizing potential, anodizing time, and Al
environment, and is difficult to recycle. Furthermore, it iscontent of Mg-Al alloys in 1.0 mol-dfhiNaOH solution at
deemed a Class 1 carcinogenic substance in the Polluta®®8 K, and the mechanism of anodic oxide film formation.
Release and Transfer Register (PRTR).Europe, the use The anodized film was analyzed using electrochemical
of lead, mercury, cadmium, and*€In electronic products is techniques: scanning electron microscopy (SEM), X-ray
prohibited. A waste electrical and electronic equipmentdiffraction analysis (XRD), and energy dispersive X-ray
(WEEE) collection plan was announced in June 2000. Thepectrometry (EDX).
use of Crwill gradually be phased out, and prohibited by
the year 2007.In addition, the environmental load value Experimental Section
(ELV) order restricting the use of environmental load substances
will be implemented incrementally, beginning in July 2003. Mg-Al alloys were prepared by melting a mixture of pure
The use of CPby the automobile industry is prohibited after metals at 1073 K and allowing the mixture to solidify rapidly.
July 2007 We have therefore been investigating alternativesThis process was repeated twice to prevent segregation of
to chromate baths for Mg allo§$. Anodizing magnesium the aluminum. The homogeneous distribution of Al in the
alloys generates multi-porous films several tens of micrometelloy was confirmed by ICP-AES (SPS-1500 VR). The
thick. The anodic behavior of magnesium in NaOH solutionspurity of the prepared alloy was 99.9 mass% for Mg and
at a wide range of potentials was first described in the@9.999 mass% for Al. Alloy electrodes were mounted using
studies of Emle§, Huber? and Evangelide¥.Only a few  epoxy resin, leaving an exposed area of 1002 mand
investigations have examined the growth behavior of anodipolished with 0.05tm alumina powder. The specimens
oxide surface films on magnesidnvig-Al alloys>'***and  were carefully degreased with acetone and water. The
constant potential experiment system consisted of a Pt coll
"Corresponding author. E-mail: kim@f2.numse.nagoya-u.ac.jp as a counter electrode, and an Ag/AgCl sat. KCI reference
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electrode. The experiments were conducted in 250 mL of Which not formed intermetallic compoundasphase. The
mol-dn® NaOH alkaline solution at 298 K. The distance highest peaks of Mg and Mg\l 1> correspond to 36.8, and
between the working and counter electrodes was approximate#8.6°, respectively. The intensity ratio, R, of Mgl12/Mg is
50 mm. The solution was stirred during all of the experi-defined as the ratio at 43.6 to 36.Bigure 1(b) shows the
ments. The Mg alloys were anodized at constant potentialshange in R in the alloys. The intensity ratio of 1hd:»
of 3, 10, 40, and 80 V. The anodic polarization curves ofncreased with increasing Al content in the Mg-Al alloys.
specimens anodized at various potentials were measured irMig:7Al12 peaks were barely detected in the Mg-Al alloys
solution containing 0.017 mol-dfNaCl and 0.1 mol-drd  containing less than 3 mass% Al. It was not detected
NaSQ; at 298 K at a scan rate of 1 mYsin order to  intermetallic compound in 1.5 mass% Al, and 3 mass% Al.
characterize the corrosion resistance of the anodizing filmddowever, intermetallic compound in 7 mass% Al was detected
The anodizing films were also evaluated using SEM, XRDfrom XRD pattern. Therefore, Mg-Al alloys containing over
and EDX. 7 mass% Al were composed af phase,i.e, Mg, andf
phasej.e., Mgi7Al 12.
Results and Discussion Before anodizing treatment at a constant potential in 250
mL NaOH solution, anodic polarization was conducted at a
First, the Al content at the surface of the Mg-Al alloys wasscan rate of 60 mVsat 298 K to investigate the potentials
examined using XRD. Figure 1(a) shows typical XRD of the active dissolution reaction, passivation, and sparking
patterns of Mg-Alalloys containing 1.5, 3, 7, and 9 mass% on the alloys. An anodic current increment corresponding to
Al beforeanodizing. Magnesium and M#\l 1> were clearly
detected in the XRD results. M#éli» is intermetallic

compound of 99.9 mass% for Mg and 99.999 mass% for Al O: Mg B - Mg(OH),
This intermetallic compound, M@Al1, is B phase. Mg (@) A Mg A,  ¥IMgo
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Figure 1. Surface analysis by XRD of Mg-Al alloys with Al anodized for 10 min at various constant potentials in 1.0 mdi-dm
contents. NaOH solution at 298 K.
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the active dissolution reaction and the formation of hydroxide 1.0 T I ™, ,
Mg = M@** + 2€, Mg?" + 20H = Mg(OH}, was observed at N | I
potentials between 3 and 7 V for all specimeBseakdown ' |
with intense sparking was observed at above 80 V. ! |
Next, constant potential anodizing was carried out in 1.(
mol-dn® NaOH solution at 298 K. Figure 2(a) shows the
XRD patterns of Mg-9 mass% Al anodized for 10 min at
various potentials. Peaks of Mg(GHInd MgO were also
detected in the XRD analysis. Mg(QHredominated at an
applied potential of 3 V, while MgO appeared at an appliec
potential of 80 V. The highest peaks of Mg, Mg(@Hind
MgO correspond to 36.8, 38.0, and 43r@spectively. The
intensity ratio was calculated in the same manner as in Figui B
1. Figure 2(b) shows the intensity ratio at each appliec o bt 2t =2 ™ 1
potential. The intensity ratio of Mg(OKH)ecreased with -1.8 -1.6 -1.4 -1.2 -1.0
increasing applied potential, while that of MgO increased. Potential, E£/V
Mg(OH). was barely detected at 80 V, while MgO was Figure 4. Comparison of the anti-corrosion properties in 0.017
strongly detected. These trends were similar to the case mol/dn? NaCl and 0.1 mol-dMNaSQ; solution at 298 K. The
Mg-3 mass% Al use_d specimen is Mg-Q mass% Al alloy anodized for 10 in a
Figure 3 shows surface photographs of Mg-9 mass% AVarious constant potentials.
anodized at various potentials for 10 min. The surface wa_
rough at 3 V, due to Mg(Okl)generated by the surface mol-dnm® NaOH solution. The anti-corrosion properties of
dissolution reaction. The surface dissolution reaction occurrethe anodized specimens at each constant potential were
selectively on thex phase only (white area). Tleephase better than those of non-anodized specimens. The specimen
tarnished, due to a dissolution reaction that was minimal oanodized at an applied potential of 3 V had the best anti-
B phase. Surfaces anodized at 3, 10, and 80 V had roughnessesrosion properties because there was a large shift in
of approximately 1.2, 0.60, and 0.1, respectively’ The  potential in the noble direction with increasing corrosion
surfaces of specimens anodized at 40 and 80 V wereurrent. Corrosion potential defined the potential at which
comparatively flat. In addition, the surface of Mg-3 mass%the current density reached 0.1 mA-€rm 9 mass% Al
Al anodized at 3 V was very rough, similar to Mg-9 mass%from anodic polarization curve of Figure 4, and compared
Al, and was dark gray in color. When anodized at 10 V, thecorrosion potentials between the various alloys as an
difference in the dissolution reaction of theand(3 phases indicator of corrosion resistance. Corrosion potentials in
was very distinct. pure Mg, Mg-3 mass % Al calculated in same manner with 9
Next, the corrosion behavior of the surface films wasmass % Al.
examined. Figure 4 shows the anti-corrosion properties in a Table 1 summarizes the potenttl, corresponding to a
solution containing 0.017 mol-dANaCl and 0.1 mol-d@  current density of 0.1 mA-cifor pure Mg, Mg-3 mass%
NaSQ, at 298 K. The specimens used were Mg-9 mass% AAI, and Mg-9 mass% Al alloys. The anodized films degraded
alloy anodized for 10 min at various potentials at 298 K in 1at current densities above 0.2 mA-&niTo evaluate the
anodic films before they degraded, we compared the potentials
at a current density of 0.1 mA-¢m The anti-corrosion
property of Mg-9 mass% Al was better than that of Mg-3
mass% Al alloy. Al has a beneficial effect on the passivity,
which leads to the high corrosion resistance of Mg-Al
alloys!®® The best anti-corrosion effect was obtained with
anodizing at 3 V, and the next best at 80 V. Therefore,
anodizing potentials of 3 and 80 V were used in the
subsequent experiments.
The current densities of alloy specimens anodized for 10
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Table 1. Comparison oE. corresponding to a current density of

0.1 mA.cm?
Anodized Non-
40V S0V S0 um potential  anodizing 3V 1oV a0v 8oV

Pure Mg -1.670V -1.726 V -1.741V -1.747V -1.720V
Mg-3 mass% Al -1.518 V -1.250 V -1.500 V -1.467 V -1.395V
Mg-9 mass% Al -1.490V -1.160 V -1.455V -1.410V -1.369 V

Figure 3. SEM photographs of Mg-9 mass% Al alloy specimens
anodized for 10 min at various constant potentials in 1.0 mal-dm
NaOH solution at 298 K.
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Figure 5. Comparison of the current density after anodizing for 10 -, /
min with Al contents in 1.0 mol-difiNaOH solution at 298 K. § -
0 -
g 10 l'l (i) |
min in 1.0 mol-drit NaOH solution at 298 K are compared & L
in Figure 5. As shown in Figure 5(a), stagnation of the3 0" il
current density for 9 mass% Al in the case of 3 V occurred ¢ | |
a current density of about 2 mA-@nThe stagnation time 107 L " . o . %

increased with the aluminum content, resulting in a decreas
in the current density after 10 min (Figure 5(b)). The plateat
phenomenon in 15 mass% Al will treat in Figure 8.
Moreover, at 80 V, the current density after 10 min decrease ophase f phase
with 9 mass% Al, but was slightly higher with 15 mass% Al.
Figure 6 shows anodic polarization curves in 0.017 mal-dm
NaCl and 0.1 mol-di N&SQ;, at 298 K. Specimens with
different Al contents were anodized at an applied potentiaf
of 3 V in 1 mol-di® NaOH for 10 min at 298 K. The
potential shifted in the noble direction with increasing (i)
aluminum content, while the polarization curve of Mg-15 (b) ; (i) After anodizing 2.5 min, (ii) After anodizing 10 min,
mass% Al had a distinct shape. The potential of 15 mass¢ (iii) After anodizing 30 min
Al for current densities of 0.15-2.3 mA-Cwas Iovv_er than Figure 7. Effect of anodizing time affecting to i-t curvesdan
that of 9 mass% Al. The photographs of the anodized surfacgrface morphologies in anodizing at an applied potential of 3 V
show that dissolution of the phase occurred at an applied for 15 mass% Al in 1.0 mol-dfiNaOH solution at 298 K.
potential of 3 V regardless of the Al content. Thphase in
15 mass% Al took the form of a large hole. Moreover, the twomaximal at an anodizing time of 7 min. Thereafter, the
step current plateau increase was insufficient with anodizingurrent density gradually diminished and was about 10
for 10 min. Consequently, Mg-15 mass% Al was anodizednA-cni? after 30 min. It seemed that an anodizing film
for 30 min at 3V in 1 mol-dmMNaOH at 298 K. formed via a dissolution reaction on tlfephase at 2
Figure 7 shows the changes in current (a) and surfac@A-cni? for 1-4 min, as no stagnation of current density
morphology (b) with time on anodizing at 3 V of 15 mass%with low aluminum content (3 mass% Al, Figure 5(a)) was
Al in 1 mol-dm®NaOH at 298 K. The current density was seen ata 2 mA-cn?, as is seen in pure magnesium. This

Time, t/ min
(a) ; (i) Formation of film on B phase, (ii) Formation of film on o phase
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Figure 8. Anti-corrosion property with anodizing time for 15 region (2)'.Thls indicated that region (1) is fhehase and

mass% Al in 0.017 mol-dfNaCl and 0.1 mol-difi NaSQ; region (2) is thex phase. With anodizing (b), the Al content

solution at 298 K. Anodizing was carried out at conditions for 10in regions (1) td3) was in the order: region (2) » region (1)

min at 3 V in 1 mol-drif NaOH solution at 298 K. > region (3). Over time, the active dissolution reaction

during anodizing occurred preferentially at fhphase until

was ascertained in SEM studies of the surface morphologgbout 4 min. Then, the current density gradually increased

(Figure 7(b)(i)). It seemed that a film formed on thphase  until 7 min. The dissolution reaction progressedi@hase,

at a current density of approximately? 10A-cm?, because  which had a lower Al content.

all the specimens were similar, as seen by SEM (Figure 7(b) These results suggest that the mechanism of anodic oxide

(ii, iii)). As compact films did not form on specimens film formation on a specimen of Mg-Al alloy anodized in

anodized for 10 min, it appears that the current densityl.0 mol-dm® NaOH solution is as follows. Metal substrate/

increases in the anodic fiim formed on tle phase, film and film/electrolyte interfaces occur during generation

beginning at aroundl.2 V, because the anodic film formed of the film (Figure 10). The interface at a low potential, like

in the a phase is a non-compacted film. Subsequently, th& V, is a metal substrate/film interface. The dissolution

current density abruptly increased at a potentiat®f V reaction of magnesium (Mg Mg?" + 2€) occurs. The Mg

(Figure 8). When anodized for 30 min, the anodic film on thequickly combines with OHin the NaOH solution (Mg +

a phase was more compact than that at 10 min. ThereforeOH — Mg(OH),).

with anodization for 30 min, the anodic polarization curve A MgO film formed at a high potential of 80 V, although

was the same shape as that for specimens anodized at otbgiremely small Mg(OH)peaks were also observed in the

potentials. In addition, when anodized for more than 30 minXRD analyses of specimens anodized at various constant

the polarization curves were similar to that for 30 min. potentials. The temperature at the specimen surface increased
However, we were not convinced that thand3 phases  at high potentials, such as 86\The reaction in formula (1)

are present in Figure 7. Therefore, EDX analysis was used &een with increasing temperature is thought to be the partial

verify the presence of the and 3 phases without (a) and reaction of Mg(OH),

with (b) anodization for 10 min at 3 V for 15 mass% Al in 1

mol-dm® NaOH, as shown in Figure 9. Without anodizing Mg(OH). ~ MgO + RO (1)

(a), the EDX analysis confirmed the phases in regions (1) Anodizing is accompanied by intensive sparking and

oxygen evolutiof:?'?2 Therefore, formula (2) occurred at
the film/electrolyte interface.

3 mass_%xAl'_

<— B phase

. &—— aphase

(0)

2 > 1 >3

(a) No anodizing (b) Anodizing 30 um

Figure 9. Surface morphologies in without (a) and with (b) Figure 11 SEM photography and EDX analysis of cross section o
anodized for 10 min at 3 V for 15 mass% Al in 1 moltiheOH Mg-9 mass%Al alloy anodized for 10 min at 3 V in 1 molm

solution at 298 K. NaOH solution at 298 K.
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Mg(OH), - Mg?* + 1/2Q; + H.0 + 2¢ 2)

Figure 11 shows an EDX map of a cross-section of a
specimen of Mg-9 mass% Al anodized for 10 min at 3 V in 3:
1.0 mol-dri® NaOH at 298 K. The film that formed on thie
phase was about 30m thick,i.e., the oxygen region. This
suggests that Mg(Oblvas generated in this region.

Conclusion

The anti-corrosion properties of anodized specimens were'™”
excellent, as compared with those of non-anodized specimensg
When Mg-Al alloys were anodized, a Mg(QH)im was
primarily seen at an applied potential of 3 V, while a MgO 9.
film appeared at an applied potential of 80 V. The intensityl0-
ratio of thef phase increased with aluminum content in the'
Mg-Al alloys. Over time, the active dissolution reaction 1,
during anodizing occurred preferentially on fhghase until 13,
about 4 min. Then, the current density increased gradually4.
with time until 7 min. After anodizing for 10 min, the 15
current density increased when the aluminum content w
15 mass%, since the anodic film that forms orotiphase is
a non-compact film. The anodic film on thephase at 30
min was compact compared with that at 10 min.
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