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Electrochemical Studies of ACÕDC Anodized Mg Alloy
in NaCl Solution
S. J. Xia,a,* R. Yue,a R. G. Rateick, Jr.,b and V. I. Birssa,* ,z

aDepartment of Chemistry, The University of Calgary, Calgary, Alberta T2N 1N4, Canada
bHoneywell Engineering, Systems and Services, South Bend, Indiana 46620, USA

The corrosion behavior of a Mg-based alloy, WE43, ac/dc anodized using a waveform involving a final period of current decay in
an alkaline silicate solution, has been investigated using electrochemical impedance spectroscopy during exposure to a 0.86 M
NaCl solution. The change of the oxide film morphology with immersion time was also examined using scanning electron
microscopy. Anodization of the WE43 alloy significantly improves its corrosion resistance and greatly increases the time to pitting
in the NaCl solution, which for air-formed films is in the range 2-3 h. By fitting the impedance data to a two-time-constant
equivalent circuit and by tracking the open-circuit potential, it is demonstrated that film hydration initially decreases the corrosion
resistance, followed by an increase in the resistance due to the gradual conversion of MgO to Mg~OH)2 , which leads to partial
blocking of the film pores. During this time period, the underlying barrier film is slowly thinned and/or penetrated by chloride
ions, consistent with its increasing capacitance and decreasing resistance, ultimately leading to a loss in corrosion resistance.
Overall, both the porous and barrier oxide layers contribute to the corrosion protection of WE43, and the higher the voltage and
the longer the time of current decay in the latter stages of anodization, the lower the alloy corrosion susceptibility.
© 2004 The Electrochemical Society.@DOI: 10.1149/1.1646139# All rights reserved.
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The attractive future of Mg and Mg alloys arises from their li
density, high strength-to-weight ratio, good mechanical prope
and excellent castability.1,2 There are two major classes of Mg
loys, the first containing 2-10% Al also containing minor additi
of Zn and Mn, and the second involving Mg alloyed with vari
elements other than Al. All alloys in the second group contain
which imparts a fine grain structure, thus improving the mecha
properties. The WE43 alloy belongs to this second group and
many unique features that include high corrosion resistance,
term stability at temperatures up to 250°C, and very good yield
tensile strength.3-5 While the corrosion resistance of WE43 can b
good as that of some cast Al alloys, it still needs significant
provement for application in aerospace and other areas.

The general corrosion of Mg occurs due to the lack of a pro
tive passive oxide film. In addition, the presence of other elem
having a low hydrogen overpotential, such as Fe, Cu, or Ni, fu
enhances Mg corrosion via galvanic coupling.6 It should be note
that WE43 is superior to other Mg alloys in its corrosion resistan7

Normally, Mg and its alloys form a mixed surface film of Mg~OH)2
and MgO when exposed to humid air.7 This film has excellent sta
bility and provides reasonable corrosion resistance in air at
temperature, although it is porous and permeable to water in
ous environments.8 In most cases, hydrogen evolution is the m
cathodic reaction associated with Mg corrosion. The film forma
mechanism for Mg and its alloys is complex and the role o
alloying elements is still not clearly understood.9 For example, th
addition of Al stabilizes Mg oxide, even though the oxide laye
thinned as the amount of Al present is increased.10 Also, the benefi
cial effect on the corrosion resistance of Mg-Al alloys of adding
is achieved by decreasing the galvanic potential difference bet
the intermetallic particles and the surrounding matrix.11

Improvements in the corrosion resistance of Mg and its a
can be achieved by the application of a chemical conversion co
by its anodization,12-19 by anodization followed by sealing with
organic resin,20 and by Parylene coating.21 Various chemical conve
sion processes, such as the Cr-Mn or the chromate~Dow 713! ap-
proach, in particular, are currently in use. Due to the porosit
these chemical conversion coatings, their corrosion resistance
sufficiently high in aggressive media. Post-treatments, such a
face sealing and painting, are necessary when more protective
ings are required. Excellent corrosion resistance has been ac
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in 0.5 M NaCl by the application of one to three layers of ep
resin on Cr-Mn conversion-coated Mg AZ31 alloy.20

Anodic oxidation can also produce an oxide film that has a
sonable corrosion resistance and also provides an excellent p
polymer coating base. These anodic oxide films usually have
hardness and abrasion resistance. Two common anodizatio
proaches employed in the past 30 years are the Dow 1713 and HAE12

processes, which rely on spark formation on the anode to de
ceramic-like films. The Dow 17 method is carried out in an aqu
acidic solution containing phosphate, fluoride, and chrom
whereas the HAE process involves the use of an aqueous al
electrolyte containing phosphate, fluoride, manganate, and Al io12

The Dow 17 method produces an excellent anodic oxide film w
high corrosion resistance, but it involves the use of chromate, w
is environmentally harmful and is being gradually restricted.
HAE anodized oxide film without any sealing does not survive
posure to 0.5 M NaCl for even 1 day.

Recently, several other proprietary processes for the s
anodization of Mg alloys have been developed.14-19 Hawkins22 ex-
amined several of these protection approaches and found that
ing, anodized in an alkaline silicate solution,16 exhibited superio
corrosion resistance as compared to that of Dow 17. The corr
resistance of these anodized Mg alloys was evaluated by sa
testing, and an analysis of the corrosion mechanism was no
vided.

In our previous paper,23 an alkaline silicate electrolyte was e
ployed to anodize the WE43 alloy. The oxide film, formed by u
a novel waveform~an initially high-dc anodic voltage, followed b
a nonlinear ramp, with a continuously superimposed ac voltage23! to
generate sparks, resulted in the formation of a ceramic-like film
the alloy surface. This film was found to be composed of two la
an outer porous and an inner barrier oxide film. The pores in
porous layer were seen to be somewhat interconnected, but d
traverse through to the barrier layer or to the WE43 substrate.23 The
total thickness of the anodic oxide film was found to be proporti
to the final anodic voltage.23 The coating thus formed in the silica
electrolyte containing fluoride ions was found to be compose
MgO, Mg~OH)2 , SiO2 , and MgF2 , with a molar ratio of 16:8:11:3

The main objective of the present paper is to establish the
rosion resistance of anodized WE43 specimens in 0.86 M
solution using the impedance technique as a function of the
ization parameters employed. Related to this, our goals were
termine the processes involved in oxide film breakdown and to
relate these with both the impedance data and with oxide
thickness and morphology, as determined from scanning ele
microscopy~SEM! analyses.
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Experimental

Materials and anodization procedure.—The Mg alloy, WE43
was supplied by Magnesium Elektron, Ltd., and cast by Chi
Magnesium. From the material certification, the compos
~weight percentage! of the alloy was as follows: Mg~92!, Y ~3.73!,
Nd ~2.41!, Zr ~0.53!, Re ~1.1!, Zn ~0.032!, Li ~0.125!, Mn ~0.018!,
and Cu~0.001!.23 Disk specimens, 10 mm diam and 5 mm th
were cut from the cast WE43 alloy, and their surfaces were
single-point machined, followed by mechanical polishing u
abrasive paper and coating with corrosion protection oil, purch
from LPS laboratories, Inc., to ensure corrosion protection du
storage.

Prior to anodization, the WE43 disks were cleaned with eth
to remove the oil and were then dried in air. The anodization o
WE43 disks, mounted vertically in the cell to allow easy gas ev
tion, was carried out in a bath containing sodium silicate, potas
fluoride, and potassium hydroxide.16 The cathode~counter electrode
CE! was a 10 cm2 316 stainless steel sheet and was located nea
base of the cell. The bath temperature was kept between 1
20°C during the anodizing step. The anodization process wa
complished using a relatively high-voltage rectifier which suppli
combination of alternating~ac, 60 Hz sine wave! and dc power t
the electrochemical cell. The anodization current densities and
ages, reported in the present paper, represent the sum of the
ac components.

In the present investigation, only waveform A23 was employed i
the anodization of WE43 specimens. In waveform A~Fig. 1!, a
minimum voltage of 190 V was initially applied to the disk spe
mens, causing the current density to spike to 50-60 mA/cm2 ( i 0),
decaying over 10-30 s to the desired current (i 1). Then an ac volt
age, maintained atca. 20% of dc, was superimposed on the
voltage and the dc/ac voltages were increased together with ti
maintain a specific constant current density (i 1) for a period of time
t1 . This was followed by a period (t1-t2) of decreasing current
produce an oxide film of a particular thickness. The anodizatio
the WE43 specimens using this approach is indicated as ‘‘ano
at i 1 for t1 , Dt ’’ ( Dt 5 t2-t1) in the text. The sides of the anodiz
disk and one of its faces were then wrapped with Teflon tape
then coated with epoxy resin, leaving only one face~0.78 cm2!
exposed to solution during corrosion testing in 0.86 M NaCl.

Electrochemical measurements and SEM analysis.—The imped
ance measurements were carried out using a Solartron 125
quency response analyzer connected to a Solartron 1286 e
chemical interface. In this work, the ac frequencies ranged from

Figure 1. Waveform employed in WE43 anodization. Initial voltage (Vo) is
190 V.
d
-

d
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kHz to 0.1 Hz, 12 points per decade, with a polarization ampli
of 10 mV ~root mean square; rms! around the open-circuit potent
~OCP!. Impedance measurements and data acquisition
achieved using Zplot software.

A saturated calomel electrode~SCE! was used as the referen
electrode~RE! in all of this work, and a large-area Pt gauze e
trode was used as the CE for the ac impedance experimen
minimize the phase shift at high frequencies, which is caused b
SCE, a pseudo-reference electrode~Pt wire! was also immersed
solution and was connected to the lead of the RE via a 6.mF
capacitor.20

All solutions used in this work were prepared from analyti
grade reagents and triply distilled water~obtained using a Cornin
MP6A Mega-Pure distillation system!. The solution used for th
electrochemical evaluation of the coating was 0.86 M NaCl~i.e., 5
wt % NaCl!, consistent with the typical solution used in salt
spray tests~as per ASTM B177!. No attempt was made to deaer
any of the solutions. All experiments involving coating evalua
were performed at room temperature,i.e., 20-22°C.

The surface of the anodized WE43 alloy specimens, both b
and after corrosion testing, was examined by SEM using a
6300 V ~JEOL! instrument equipped with energy-dispersive X-
~EDX! analysis facilities.

Results and Discussion

Behavior of bare (nonanodized) WE43 in NaCl solution.—When
a bare WE43 specimen is initially immersed in 0.86 M NaCl,
drogen evolution is seen to occur immediately and the surfac
comes covered with bubbles, indicating that Mg is being oxid
suggested to occur as follows24

Mg 1 2H2O 5 Mg~OH)2 1 H2 @1#

In neutral salt solutions, Mg~OH)2 is predicted to be thermod
namically more stable than MgO.24 The hydrogen bubbles nucle
and are periodically released from the surface, which becomes
and rough in appearance with time.

In order to determine the corrosion resistance of the bare W
specimens, ac impedance data were collected at the OCP. A t
set of impedance data is shown in Fig. 2, in both the Nyquist
Bode representations, along with an overlay obtained by best-
to the equivalent circuit shown in the inset. The circuit consis
two time constants~two R-CPEunits in series!, i.e., Rs(R1CPE1)
3 (R2CPE2), where RS is the solution resistance between
WE43 specimen and the RE. In these experiments,Rs is in the range
5-10 V, while R1 andR2 , related to the oxide film/charge-trans
resistance, were found to vary from 100 to 1000V. The CPEs in
Fig. 2 represent constant phase elements~a CPE reflects the dispe
sion of a capacitive element around a central value25!, with the
relationship between a capacitor~C! and a CPE25 being as follows

j vC 5 ~ j v!nCPE @2#

For n 5 0, a CPE is a resistor, while forn 5 1, a CPE repre
sents a perfect capacitor. Whenn is between 0 and 1, its value c
provide information about diffusion phenomena, surface morp
ogy, and other dissipative processes.26,27 When n 5 0.5, for ex-
ample, a CPE represents a Warburg diffusion element.

The resistance at low frequencies,R1f , which can be obtaine
directly from the raw data, is very similar to the sum ofR1 andR2 ,
obtained by equivalent circuit fitting, and can be considered a
indication of the corrosion resistance of the sample. Figure 3 s
the OCP and the low-frequency resistance (R1f), equal to the sum o
R1 and R2 , as a function of immersion time of the bare WE
specimen in 0.86 M NaCl. It can be seen that the OCP incr
from 22.0 V at 5 s to21.75 V after 1 h, and then increases m
slowly until pitting occurs after 2 h. Over this same time period
corrosion resistance of the WE43 electrode increases with im
sion time, from 750V at 5 s to2000V after 1.5 h, after which
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drops slowly. However, when pitting commences, the OCP s
positively from 21.75 to 21.65 V, and the resistance decrea
rapidly to 200V in 20 min. Once pitting initiated, a white precip
tate, likely Mg~OH)2 , was seen to form at the pits and to fall in
solution, depositing on the base of the cell, and the alloy su
became porous and gray in color.

A positive shift of the OCP with exposure time in NaCl solut
can be interpreted as reflecting surface passivation,e.g., due to the
formation of a Mg oxide film on the WE43 sample. However,
OCP shifted negatively from21.80 to21.86 V once some of the H2
bubbles deposited on the surface were dislodged, and then s
positively again as more H2 bubbles formed. When the H2 bubbles
were removed, the corrosion resistance also changed, decr

Figure 3. Development of~• • • •! OCP and~ ! corrosion resistanc
with immersion time in 0.86 M NaCl solution for bare WE43 specimen
d

g

from 1500 to 780V. These results indicate that the increase o
corrosion resistance and the positive shift of the OCP may at le
part be related to the blocking of the surface by hydrogen, an
due only to passivation by an oxide film.

After ca. 1.5 h in the NaCl solution, the corrosion resista
decreased rapidly, while the OCP shifted positively with expo
time ~Fig. 3!. However, a low-frequency inductive loop, indicat
of pitting corrosion,28 was not seen in the impedance data until
pits could be seen visually on the surface. Once pitting had initi
the OCP tended to stabilize at21.60 V and the corrosion resistan
decreased toca. 20 V. In addition, white precipitate was seen bu
ing up in the solution with immersion time, likely indicating t
formation of Mg oxide/hydroxide. Afterward, the WE43 surface
seen to be porous and deep pits, which were difficult to remov
subsequent polishing, were present.

Corrosion behavior of anodized WE43 alloy.—As discussed i
our previous paper,23 the Mg oxide film thickness can be increa
in the alkaline silicate solution by applying higher anodization v
ages. Figure 4 shows the change in the electrode impedance~Bode
plot! as a function of immersion time in the first 120 min in 0.86
NaCl for the WE43 alloy, anodized at 30 mA/cm2 using waveform A
for 5,25 min. This code means that in the first 5 min a con
current of 30 mA/cm2 was applied. After that the current was
lowed to decay slowly with time until anodization was comp
after 30 min. The final voltage and current were 408 V an
mA/cm2, respectively, for this particular sample.

The impedance data obtained at short times~e.g., 5 min! of im-
mersion show that at frequencies above;10 Hz, the phase ang
remains almost constant at287° and the magnitude of the impe
ance uZu increases linearly with logf, typical of a capacitiv
response.20 From 2 to 30 min, the phase angle at high frequen
decreases from287 to 280° but still remains fairly capacitive
nature. Due to the difficulty of fitting this early time impedance d
which changed rapidly with time, a reliable equivalent circuit wh
could be fitted well to the data at all frequencies could not be
tified. Therefore, the capacitance for these short times of imme
was determined only from the high-frequency data, using an eq
lent circuit composed of the solution resistance and a film ca
tance in series, and was found to be 10 nF.

The oxide film formed in the alkaline silicate solution is co
posed of an intact, inner barrier layer and an outer, porous fi23

Assuming the film dielectric constant to be 9.6 for MgO,29 the thick-

Figure 2. Experimental and simulate
Bode and Nyquist plots of bare WE
specimen after 20 min of immersion
0.86 M NaCl solution. Insert: equivale
circuit used for impedance data fitting
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ness of the intact oxide film at these early stages of immersion
NaCl solution is then predicted from the measured capacitance
0.90 mm. This is very close to the barrier oxide thickness,ca. 0.95
mm, seen from SEM analysis.23 This shows clearly that the inn
barrier film thickness can be determined just from the capaci
obtained from the impedance data at these early times of imme
in the NaCl solution.

The corrosion resistance of the anodized WE43 sample, d
mined from the magnitude of the impedance data~Fig. 4! at 0.1
Hz,30 is shown in Fig. 5, along with the OCP, as a function
immersion time. It can be seen that the resistance is very
higher than for the bare sample~Fig. 3!, as expected,i.e., .106 V at
short times~to more than 40 h! to .104 V at very long times. Th
corrosion resistance decreases rapidly fromca. 1.8 3 107 at 2 min
to ca.5.4 3 105 V after 1.5 h, while the OCP shifts negatively fro
21.52 to21.82 V. Figure 5 also shows that the trends of the
rosion resistance are mirrored completely by those of the OCP.
1.5 h in the NaCl solution, the OCP shifts positively and the re
tance increases with time until the highest OCP is reached at
After this, the OCP shifts negatively and the resistance decr
with immersion time, while afterca. 100 h the OCP stabilized atca.
21.80 V while the resistance continues to decrease with time
flective of further film breakdown.

It can be seen from Fig. 5 that the change in the OCP and
rosion resistance with immersion time can be separated into
different stages, these being in the 0-1.5, 1.5-30, and 30-150 h
periods. In the first stage, it is suggested that water and elect
penetrates the oxide film through the pores in the outer porous
reaching the interface between the inner barrier and the outer p
layer.23 With the penetration of solution into the porous layer,
OCP shifts negatively from21.52 V at 2 min to21.82 V at 1.5 h
close to that of bare WE43 in NaCl solution, and the corro
resistance decreases from 1.83 107 to 5.43 105 V. At this point,
the NaCl solution is suggested to have reached the surface
barrier layer, although some penetration to the underlying meta
also have occurred. Figure 6 shows the SEM image of the o
surface, formed at 30 mA/cm2 for 5,30 min, both prior to and aft
1 h of immersion in NaCl. It can be seen that contact with the N
solution for this short period of time does not affect the morpho

Figure 4. Change of Bode plots of WE43 specimen, anodized in alk
silicate solution at 30 mA/cm2 for 5,25 min, with immersion time in 0.86 M
NaCl.
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of the oxide surface, consistent with this explanation.
The anodic oxide film formed in alkaline silicate is compose

MgO, Mg~OH)2 , SiO2 , and MgF2 , with the molar ratio of MgO t
Mg~OH)2 being close to 2:1.23 Thermodynamically, Mg~OH)2 is
more stable than MgO in aqueous solutions,24 and MgO readily
reacts with water to form Mg~OH)2 . However, the denser the Mg
the slower this conversion reaction has been reported to be.24 There-
fore, in the second stage in Fig. 5 it is suggested that MgO is
converted to the lower density Mg~OH)2 film at the surface insid
the pores of the oxide film. This could result in a partial blockin
the pores, because the molar volume of Mg~OH)2 is larger than tha
of MgO, hence increasing the film resistance. In this time perio
H2 evolution was seen and the color of the oxide film rema
unchanged visually, indicating that the oxide morphology is
greatly altered during this time period and that little corrosive a
of the underlying Mg is occurring.

Figure 7 shows the SEM image of the anodized WE43 su
during this phase of exposure~after 5 h of immersion in NaCl!,
revealing no major changes in the film morphology other than
development of some cracks in the oxide in some areas, espe
around the larger pores. The formation of Mg~OH)2 inside the pore
could change the mechanical stresses within the oxide film, ca
some cracks to develop. The pore sizes appear to be the sa
before corrosion testing~cf. with Fig. 6!, indicating that the bulk o
the film is very stable and that the reaction between MgO and
is slow.

After 30 h ~third time period! of immersion in the NaCl solutio
the color of the oxide film is seen visually to gradually change f
white to gray, especially at the disk edge of the exposed area
not clear why the oxide film becomes darker with immersion t
This was also observed in salt fog testing. As in the second c
sion period, no H2 evolution is observed and therefore, any ne
formed Mg~OH)2 was likely generated from the chemical reac
between MgO in the porous layer and water, and not from a c
sion reaction between Mg in the substrate and water or even ox
The barrier layer between the substrate and the porous laye
appears dense enough to block the penetration of water and N

Figure 5. ~ ! Corrosion resistance and~• • • •! OCP as a function o
immersion time in 0.86 M NaCl for WE43 alloy, anodized in alkaline silic
solution at 30 mA/cm2 for 5,25 min.
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the WE43 substrate. However, the corrosion resistance dec
with immersion time, and the OCP shifts negatively until a cons
OCP is reached after 100 h~Fig. 5!. The decrease of the corros
resistance of the oxide film with immersion time may be the re
of the formation of small pores or microcracks in the barrier la
Alternatively, this may result from the slow thinning of the M
barrier layer due to the reaction between the MgO at the barrie
surface and water at the base of the pores of the outer layer.

Figure 8 shows the SEM image of the oxide film after 55
immersion in NaCl. Two distinct characteristics, different from
morphologies discussed previously for shorter immersion tim
before corrosion testing~Fig. 6a!, are seen in Fig. 8. One is that
pores in the film seem to be filled with material, suggested t
newly formed Mg~OH)2 from MgO. However, this material is like
quite porous and therefore would not be expected to serve
protective barrier to chloride. The second change is the exte
cracking of the oxide film. The width of the cracks is as large
mm in some areas. No precipitate can be seen in the cracks fro
SEM image. Therefore, the cracks in the film can provide an
pathway for the penetration of NaCl solution to the barrier l
surface. The increasing exposure of barrier layer to solution c
speed up the transformation of MgO to Mg~OH)2 , and the resultin
volume expansion at the base of the porous layer could, in
cause further cracking of the porous layer.

Impedance data analysis.—The anodic oxide film, formed on t
WE43 alloy by ac/dc anodization, has been shown to be comp
of a thick, porous oxide@a mixture of MgO and Mg~OH)2] and an
underlying barrier layer, likely MgO.23 During corrosion testing i
NaCl solution, water can penetrate into the film pores and hy
MgO, forming Mg~OH)2 ,24 which has a higher molar volume th
MgO. It is very likely that the porous and barrier layers pla
different role in the corrosion protection of the substrate. Ele
chemical impedance spectroscopy~EIS! provides a powerful ap
proach for the analysis of the change of the properties of each
with immersion time through the fitting of experimental data to
equivalent circuit, such as shown in Fig. 2.

As a specific example, a detailed analysis of the impedance
obtained for an oxide film formed at 30 mA/cm2 for 5,25 min~final
voltageVf 5 408 V; short time corrosion data is shown in Fig. 4!, is
carried out in the following section. As discussed previously, in
first 30 min of exposure to the NaCl solution, the data cha
rapidly and a simple circuit involving only the solution resista
(Rs) and the film capacitance (CPE) in series was used to fit t
high-frequency data. This led to a good estimate of the film ca
tance, and hence its barrier thickness. The capacitance value

Figure 8. SEM image of anodized WE43 alloy after 55 h of immersio
0.86 M NaCl solution. The WE43 alloy was anodized in alkaline sili
solution at 30 mA/cm2 for 5,25 min.
Figure 6. SEM images of anodized WE43 alloy:~a! before corrosion testin
and~b! after 1 h of immersion in 0.86 M NaCl solution. The WE43 alloy w

2

Figure 7. SEM image of anodized WE43 alloy after 5 h of immersion in
0.86 M NaCl solution. The WE43 alloy was anodized in alkaline sili
solution at 30 mA/cm2 for 5,25 min.
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obtained were found to increase with immersion time, from
3 1028 at 2 min to 2.83 1028 F after 30 min, consistent with
decreasing film thickness, based on the equations for a paralle
capacitor.31 This is indicative of either dissolution of the layer
penetration of water and NaCl into defect sites within the ba
oxide film.

After 30 min in the NaCl solution, the impedance response
bilized greatly and the entire frequency range for this partic
oxide film could be fitted to the equivalent circuit shown in Fig
coded asRs(R1CPE1)(R2CPE2). Figure 9 shows the experimen
and fitted data in both the Nyquist and Bode representations af
and 50 h of immersion in 0.86 M NaCl.Rs is found to remain clos
to constant, atca. 15 V, with time in solution, as expected. T
magnitude of each of the other elements in the equivalent circ
shown in Fig. 10 as a function of immersion time in 0.86 M Na

Figure 10. The change of each circuit element of a WE43 specimen, a
ized in the alkaline silicate solution at 30 mA/cm2 for 5,25 min, with immer
sion time in 0.86 M NaCl~see raw data in Fig. 9!: ~a! R1 , R2 vs. time; ~b!
CPE , CPE vs. time; and~c! n , n vs. time.
1 2 1 2
e

Based partly on the values of the circuit elements~passivating oxid
films typically have capacitances of 1027 F or less and very hig
resistances,e.g., 106 V or more32!, and the fact thatn1 remains clos
to unity at all times, theR1 /CPE1 pair is likely due to the barrie
oxide film. Because its resistance is very high, the barrier oxide
controls the rate of the charge-transfer reaction during corrosi
the oxide-coated WE43 alloy andR1 is very close in value toR1f
~also equivalent to the resistance obtained in linear polariz
measurements, often used for corrosion rate measurements!. The
R2 /CPE2 pair is suggested to represent the porous oxide lay
discussed in more detail later.

It can be seen in Fig. 10a-c that the changes in the magnitu
the circuit elements with immersion time in 0.86 M NaCl can
divided into three periods. In the first period~0.5-2 h!, R1 and R2

decrease rapidly with time,CPE1 andCPE2 increase, andn1 and
n2 both remain constant and close to unity. From 2 to 30 h,R1 and
R2 increase with time,CPE1 andCPE2 increase very slowly, an
n1 remains constant close to unity, butn2 decreases. In the la
period from 30 to 140 hours,R1 and R2 both decrease with tim
CPE1 and CPE2 generally increase further, andn1 remains con
stant and close to unity, butn2 decreases slowly and reache
steady-state value of;0.45 afterca. 50 h.

In the first period, the decrease inR1 and increase inCPE1 could
indicate that the barrier oxide film is becoming thinner. It is
likely that these changes in the properties of the oxide film are
to the formation of tiny pores and cracks in the barrier oxide
with time of exposure to NaCl. The increase inCPE1 and the de
crease ofR1 could also be related to the gradual hydration of
surface of the MgO barrier layer with the penetration of water
NaCl into the pores of the overlying oxide film, forming a poro
poorly protecting Mg~OH)2 surface layer on the barrier film.

In terms ofR2 andCPE2 in this first period of time~Fig. 10!, the
decrease inR2 is suggested to reflect an increase in the porous
conductivity, as the pores become saturated with the NaCl sol
The increase in CPE2 may be caused by an increase in the interfa
area between the porous film and the solution, as its surfac
comes hydrated and as the film cracks with time.23

From 2 to 30 hours, Fig. 10a shows that bothR1 andR2 increase
with immersion time, whileCPE1 and CPE2 ~Fig. 10b! increase
and then stabilize. It is suggested that over this period of
Mg~OH)2 begins to form, due to the slow hydration of MgO, t
sealing or blocking some of the pores in the outer oxide film~and/or
the barrier film!, as its molar volume is higher than that of Mg
The resulting decrease in film porosity thus shifts the OCP
tively ~Fig. 5! and increases the overall film resistance. During
time period, the outer regions of the barrier film may be fur
hydrated or penetrated by chloride, although not significantly
plaining the almost unchanging trends in CPE1 . Indeed,n1 remains
close to unity, indicative of the retention of an intact layer of ba

Figure 9. Experimental and simulate
Bode and Nyquist plots of oxide film
formed at 30 mA/cm2 for 5,25 min, afte
~h! 20 and ~,! 50 h of immersion in
0.86 M NaCl solution using an equiv
lent circuit shown in Fig. 2.
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film. The porous film likely is further altered during this time peri
due to the formation of Mg~OH)2 within its pores, thus leading to a
increased interfacial area and CPE2 . Interestingly, n2 decrease
from 0.95 toca. 0.50 after 30 h. This is consistent with the dev
opment of a very rough surface, or can indicate that the diffusio
reactants or products of the corrosion reaction within the por
the outer oxide layer is rate controlling.

After about 30 h,R1 and R2 begin to decrease with immersi
time, whileCPE1 andCPE2 increase correspondingly. As shown
Fig. 6-8, with longer immersion times in 0.86 M NaCl, both
number and size of cracks in the film increase, likely due to
formation of the lower density Mg~OH)2 . With the formation o
cracks, the effective surface area of the film increases, and th
rier layer becomes increasingly exposed to solution and hydr
The fact that then1 value remains close to unity indicates that so
intact barrier film is retained, even after 140 h in the salt solut

Effect of final anodization voltage on corrosion behavior
ac/dc anodized WE43.—It has been found that the outer oxide p
size and distribution, as well as the barrier oxide film thickn
depend mainly on the final dc and ac voltages employed d
ac/dc anodization.23 At anodization voltages belowca. 390 V ~sum
of dc and ac!, the film is not yet more than 10mm thick and the
pores are relatively uniform in size and do not exceed 4mm diam.
At higher voltages, thicker films are formed and the large and
quent sparks generated on the electrode surface can lead t
surface temperatures and partial sealing of the smaller~0.5-4 mm!
pores. However, this type of sparking also leads to the formatio
some very large pores, in the range of 6-15mm diam,23 which could
potentially shorten the lifetime of these films in practice.

For an anodic oxide film formed at 30 mA/cm2 for 5,15 min
(Vf 5 395 V!, the experimental impedance data, measured in
NaCl after 20 h, are shown in Fig. 11. Similar to the impedance
in Fig. 9, the two-time-constant equivalent circuit, shown in Fig
was found to fit the impedance data of Fig. 11 well. However
data in the first 30 min were again relatively unstable, and ther
only the high-frequency data were fitted to a simpleRs-CPE
equivalent circuit, yielding a capacitance which increased with
mersion time, from 1.43 1028 F at 2 min to 4.53 1028 F at 30
min. This again indicates a decreasing barrier film thickness a
penetration of NaCl solution into small pores/cracks in the film
time in the NaCl solution.

Figure 12 shows the change of each circuit element as a fun
of immersion time~.30 min! for the data set of Fig. 11. As was t
case in Fig. 10, the data can be analyzed best in three time pe
0.5-3, 3-15, and 15-120 h, and very similar trends are seen for
films. The differences include the fact thatR1 andR2 reach their firs
minimum after 3 h for the 5,15 (Vf 5 395 V! film, vs.2 h ~Fig. 10!
for the 5,25 min (Vf 5 408 V! film. Also, the time between th
minimum and maximumR values for bothR andR is shorter fo
1 2
-
.

h

,

the 395 V film ~Fig. 12! than for the 408 V film~Fig. 10!. This is
probably because the 408 V oxide film~Fig. 10! was found to hav
a greater number of large pores23 than the 395 V film in Fig. 12. A
discussed previously, the film resistance reaches a maximum
all the pores are filled with Mg~OH)2 , formed by the hydration o
MgO. Therefore, for the anodic film containing the larger pore
longer time to block the pores would be expected.

For WE43 anodization to only a relatively low final voltage, s
as 384 V~4,2 min film!, large pores were not seen in the ox
film.23 The impedance data obtained in 5% NaCl under these
ditions were also fitted using the two-time-constant equivalen
cuit, shown in Fig. 2. A set of typical experimental data is plotte
Fig. 13, which also includes the corresponding fitted data. Th
sults shown in Fig. 13 indicate that the two-time-constant equiv

Figure 11. Experimental and simulate
Bode and Nyquist plots of oxide film
formed at 30 mA/cm2 for 5,15 min, afte
20 h of immersion in 0.86 M NaCl sol
tion using an equivalent circuit shown
Fig. 2.

Figure 12. The change of each circuit element of a WE43 specimen, a
ized in the alkaline silicate solution at 30 mA/cm2 for 5,15 min, with immer
sion time in 0.86 M NaCl~see raw data of Fig. 11!: ~a! R1 , R2 vs. time; ~b!
CPE , CPE vs. time; and~c! n , n vs. time.
1 2 1 2
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circuit does fit the impedance data of the 384 V film very well
this case, the barrier film capacitance in the first 30 min in 0.8
NaCl, obtained by fitting the high-frequency data to the sim
Rs-CPE equivalent circuit, was seen to increase from 1.83 1028 F
at 2 min to 8.03 1028 F at 30 min. These values are higher t
those obtained for the two oxides formed using longer anodiz
times and higher voltages (Vf 5 395 and 408 V!. This is consisten
with a thinner barrier oxide film being formed at lower voltage
seen from the cross-sectional SEM images.23

The change of each circuit element with immersion time for
384 V film is shown in Fig. 14. NowR1 and R2 reach the firs
minimum after only 1.5 h and then go through a maximum afte
~Fig. 14!, both much shorter times than for the films formed
higher final voltage~Fig. 10 and 12!. Even though the pores of t
385 V film are smaller in diameter, the porous layer is thinner fo

Figure 14. The change of each circuit element of a WE43 specimen, a
ized in alkaline silicate solution at 30 mA/cm2 for 4,2 min, with immersion
time in 0.86 M NaCl~see raw data of Fig. 13!: ~a! R1 , R2 vs. time; ~b!
CPE , CPE vs. time; and~c! n , n vs. time.
1 2 1 2
384 V vs. 395 and 408 V films, so that the NaCl solution can p
etrate it more rapidly. However, the rapid penetration of NaCl s
tion accelerates the hydration of MgO in the oxide film and
Mg~OH)2 thus formed fills the small pores in shorter times. W
the Mg~OH)2 fills all the pores in the oxide film, the corrosi
resistance reaches a maximum. One interesting difference fo
film is that R2 , the resistance of the outer film, isca. 100 times
higher than for the films formed to higher anodizing voltages~Fig.
10 and 12!. This would be consistent with the absence of large p
in the outer film in this case.23 Notably, in the first 20 h of imme
sion in 0.86 M NaCl solution,R1 is much higher thanR2 in Fig. 14,
then becoming more similar in value. This could indicate tha
porous film, represented byR2 , also provides corrosion protecti
when no large pores~above 6mm diam! are present in the film.

Unlike the behavior ofCPE2 in Fig. 10 and 12,CPE2 in Fig. 14
continued to increase with immersion time until the experiment
terminated. Also, CPE1 and CPE2 are very similar in magnitude
the first 10 hours, after which CPE1 becomes smaller than CPE2 .
The more rapid increase ofCPE2 with immersion time could aris
from the more rapid increase of the interfacial area betwee
porous film and the solution because of accelerated film wettin
cracking. These results indicate that the porous film plays an im
tant role in corrosion protection when only small pores less th
mm diam are present in the oxide film.

Figure 15a shows a comparison of the corrosion resistancR
5 R1 1 R2) of three films, all formed at 30 mA/cm2 and using
waveform A, but varying in the time allowed for current decay
in the final voltage reached during anodization. It can clearly be
that the corrosion resistance is notably higher the larger the
anodization voltage~the longer the period of current decay! during
oxide growth. Furthermore, for the film formed atVf 5 384 V, a
peak is not seen in the resistance/time plot, consistent with a
tered breakdown mechanism. Figure 15b shows that the OCP
are more negative for these three films at any time the lower tVf
value is. Also, for the 384 V film, the OCP reaches a very
minimum near21.95 V for a period of time, much more negat
than for the other two oxide films. As a lower OCP value, toge
with a lower corrosion resistance, would be encountered only
the oxidation half-reaction is accelerated, based on corrosion th
this indicates clearly that the oxide film formed at lowVf is less
corrosion resistant.

Conclusions

Contrary to the case of bare WE43 specimens or of Mg sam
oxidized only by exposure to water, excellent corrosion protectio
the WE43 alloy can be achieved by ac/dc anodization in an alk
silicate solution at high voltages~.350 V!. No pitting of the anod
ized WE43 alloy surface in 0.86 M NaCl solution is then obse
visually, even after more than 140 h of immersion.

Figure 13. Experimental and simulate
Bode and Nyquist plots of oxide film
formed at 30 mA/cm2 for 4,2 min, afte
20 h of immersion in 0.86 M NaCl sol
tion using an equivalent circuit shown
Fig. 2.
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The impedance technique was found to be an excellent app
for the corrosion testing of these anodized WE43 specimens. In
an analysis of the impedance data collected in NaCl solu
showed that an equivalent circuit involving two time constant
series with the solution resistance,Rs(R1CPE1)(R2CPE2), could
be used to extract useful film characteristics from the raw imped
data. The resistance of the anodized WE43 specimens to cor
could be evaluated from the sum ofR1 andR2 , or directly from the
raw data from the low-frequency resistance. The oxide film for
on the ac/dc anodized WE43 alloy system was found to be
posed of two layers, an outer porous oxide layer and an unde
thinner barrier oxide film using SEM. TheR1 /CPE1 pair was
shown to depict the barrier oxide film, whileR2CPE2 was argued t
represent the porous oxide layer.

In the first approximately 30 min of immersion of the anodi
WE43 specimens in 0.86 M NaCl, the thickness of the barrier l
calculated from the capacitance at high frequencies, is in agre
with that obtained for a freshly formed oxide film from cro
sectional SEM images. After this, the changes in the corrosio
sistance, the barrier film capacitance (CPE1), and the OCP wit
immersion time can be separated into three periods. In the firs
riod (typically , ca. 2 h), the corrosion resistance and the O
decreases, whileCPE1 increases. In the second phase~from 2 to
about 30 h!, the resistance and the OCP increases andCPE1 in-
creases, while in the third period (approximately. ca. 30 h), the
corrosion resistance and OCP decreases~andCPE1 increases! with
immersion time. These trends have been explained as reflecti

Figure 15. ~a! Corrosion resistance and~b! OCP of three WE43 alloy
anodized at 30 mA/cm2 for 4,2 min (Vf 5 384 V, -j-!, 5,15 min (Vf

5 396 V, -h-!, and 5,25 min (Vf 5 408 V, -m-! as a function of immersio
time in 0.86 M NaCl.
h
,

n

t

-

e

rapid initial penetration of solution through the porous outer film
the barrier layer in the first phase, followed by the hydration of M
in the pores in the second. The resistance decrease at longe
~third stage! is likely due to the formation of cracks in the oxide fi
and the dissolution of Mg~OH)2 in the pores and then into bu
solution.

Both the barrier and porous oxide film thickness increase wi
increase in the period of time of current decay, during which
anodization voltage also increases further, resulting in an incre
the corrosion resistance of the WE43 alloy specimens. In ge
the higher the final voltage, the higher the corrosion resistance
oxide film. However, high voltages also lead to the formatio
large pores, greater than 5mm diam, in the outer film layer und
these conditions. Allowing a long period of time of current de
also thickens the barrier film, enhancing the sample corrosion
tance which is dominated by the barrier film. For oxide films wh
do not contain large pores 5mm diam or greater,i.e., those forme
at voltages less thanca. 385 V ~short period of time of curre
decay, such as 5 min!, the porous layer plays an important role
corrosion protection, similar to the barrier oxide film, afterca. 20 h
in 0.86 M NaCl.
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