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Characterization of Oxide Films Formed on Mg-Based WE43
Alloy Using ACÕDC Anodization in Silicate Solutions
V. Birss,a,* ,z S. Xia,a R. Yue,a and Richard G. Rateick, Jr.b

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

The characteristics of the oxide film formed on a Mg-based WE43 alloy using ac/dc anodization techniques in an alkaline silicate
solution have been investigated using scanning electron microscopy and Rutherford back-scattering spectroscopy, and the corro-
sion resistance of these films has been determined using the ac impedance technique. The oxide film was found to be composed
of MgO, Mg(OH)2 , MgF2 , and SiO2 , and consisted of an inner barrier and an outer porous oxide film, both of which increased
linearly in thickness with the applied anodization voltage. High applied voltages and current densities also led to the formation of
large pores, having diameters greater than 6mm, and the partial sealing of small pores in the outer layer. Allowing the current to
decay for a period of time in the later stages of anodization led to an increase in the thickness of both the barrier and porous films
and further sealing of the film pores. A correlation of the oxide corrosion resistance with the barrier film thickness is also
demonstrated.
© 2003 The Electrochemical Society.@DOI: 10.1149/1.1629095# All rights reserved.
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Mg alloys have many unique properties compared with o
metals. Their most attractive feature is their low density, 1.73 g3

for pure Mg1 and approximately 1.80 g/cm3 for most Mg alloys,2

about two-thirds that of Al and its alloys. Some other advantage
their very high strength-to-weight ratio, high stiffness, and mech
cal castability. In addition, Mg is very abundant, being presen
high concentrations in seawater, and it is therefore a compara
low cost material.

Due to their attractive features, Mg alloys have been used e
sively for a wide variety of structural and nonstructural purpose
order to meet the increasing aerospace demand for lightweigh
terials with high strength, high performance, and especially
corrosion resistance, strenuous efforts have been directed towa
development of advanced Mg alloys in the last decade. Two
generations of Mg alloys have been identified, having corro
rates comparable to those of Al-based alloys. One is a high p
Mg-Al alloy, such as AZ91, in which the Fe, Ni, and Cu contents
restricted to less than 50, 50, and 700 ppm, respectively, and a
high corrosion resistance has been achieved. The second type
alloy is the Mg-Y-Nd-Zr system, with examples being WE54
WE43. This group of alloys not only benefits from high purity an
lack of microporosity, due to the presence of Zr, but it also sh
superior corrosion resistance and can be utilized at elevated
peratures. Therefore, these alloys have become very attracti
aerospace applications, such as in engine components, transm
systems, and helicopter gearboxes operating at temperatures
250°C.3,4

WE43, developed by Magnesium Elektron Ltd.,5 is an alloy with
high purity, intrinsically high corrosion resistance, and h
strength, and long term stability up to 250°C. The chemical com
sition of WE43A-T6 is given in Table I where T6 denotes the
that the alloy has been solution treated and artificially aged.6 The
impurities in this alloy, particularly Fe, Ni, and Cu, have been
duced to a very low level. Many industrial organizations and
search institutes4,7-9 are actively evaluating and investigating
properties of WE43 in various environments for application
aerospace, automotive, power tools, recreational equipment
computers.

Although the WE43 alloy exhibits a relatively high corros
resistance, it still needs further protection prior to its use in m
practical applications. A number of anodic and chemical con
sion coating techniques have been developed and are comme
available for Mg alloys,10-13 relying on the generation of sparks
the alloy surface to develop ceramic-like films. However, som
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these processes involve a chromate-based component t
now being restricted by environment regulations. Therefore, th
velopment of chromate-free methods12-18 is becoming increasing
important. The resultant films formed in these two processes,
cally up to tens of micrometers in thickness, are porous, and se
is often necessary to impart high corrosion resistance to the
substrate. For example, our recent work19 has shown that excelle
corrosion resistance can be achieved by sealing with Parylene

In one nonchromate process,12 hydrofluoric acid, which can rea
with the Mg alloy to form a protective layer of MgF2 which strongly
adheres to the substrate metal and resists further attack, is em
in the bath, along with phosphoric acid and boric acid. Howe
that process involves the use of a highly toxic and corrosive m
rial, hydrofluoric acid. An alternative anodization process, whic
carried out in alkaline solutions with the addition of fluoride i
and aluminate, phosphate, or silicate, has also been develope13-18

During anodization, sparks result from the application of a very
voltage, in the range ofca.200 to 400 V, to the Mg alloy. This spa
process produces an anodic film containing Mg oxide/hydroxide
other inorganic oxides and compounds. These surface films pr
both good corrosion protection and abrasion resistance, as w
offer an excellent paint base for further treatment. When the a
films are treated further by, for example, sealing and/or paintin
even greater corrosion and abrasion resistance can be expec

Studies of anodic films formed on magnesium and its a
in alkaline silicate media are rare,13,14 compared with those invol
ing alkaline phosphate15-18 and aluminate14-16 electrolytes. Th
present study provides a detailed characterization of anodic
formed on the WE43 alloy in an alkaline silicate electrolyte.
employment of WE43 in this study is specifically for its poten
use in aerospace applications. A range of anodizing condition
been employed in an attempt to determine the optimum film p
erties by correlating the film morphology with its corrosion re
tance. Scanning electron microscopy~SEM! has been employed
examine the morphology and thickness of the oxide films form
the WE43 alloy, while the Rutherford backscattering~RBS! tech-
nique has been employed to establish its composition.

Experimental

WE43 samples.—The magnesium alloy, WE43, was supplied
Magnesium Elektron Ltd. and was cast by Chicago Magnesium
der contract from Honeywell International~formerly AlliedSigna
Inc.! The composition of the alloy is given in Table I. The work
electrode consisted of a disk, 10 mm in diam and 5 mm thick
from the ingot. Both faces and the sides were single point mac
and then mechanically polished using abrasive emery paper,
gave a surface finish of 0.69mm R . A threaded hole~2 mm diam!
a
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in the side of the disc was designed to fit a stainless steel~SS! rod,
used as an electrical contact and to suspend the disc in soluti

WE43 anodization.—Prior to formation of the oxide film, th
WE43 disc electrodes were degreased ultrasonically in ethano
min and then in a mild alkaline solution (0.2 M Na2P2O7

1 0.1 M Na3BO3 1 0.02 M NaF, pH 10.5! at 70°C for 5 min.12,13

That alkaline solution, commonly used to brighten die cast al
led to an insignificant metal loss after a 5 mintreatment. The Teflon
wrapped SS rod holder was then screwed into the disc elec
After the disc electrode was coated anodically on its side and
faces, this was sometimes followed by a post-treatment an
samples were then left in air for a week or more.

Anodization of the WE43 disks was performed in a 300
volume glass cell, having a removable top containing three i
~for the anode, cathode and a thermometer, placed about 1
from the anode!. The cathode~counter electrode, CE! was a 10 cm2

316 SS sheet and was located near the base of the cell. The ce
placed in a crystallization dish~2 L vol!, used to hold the ice wat
bath required to maintain the cell solution temperature betwee
and 20°C during the anodizing step. The electrolyte employe
anodize the WE43 alloy was composed of 5-7 g/L KOH, 8-10
KF, and 15-20 g/L Na4SiO4 , with the final solution pH bein
12.5-13.20 The anodization process was accomplished using a
tively high voltage rectifier which supplied a combination of ac~60
Hz sine wave! and dc power to the electrochemical cell. Typica
voltages were in the range of 190 to 350 V, and the superimpos
voltage~root-mean-square, rms value! was maintained at;20% of

Table I. Composition of WE43-T6 Mg alloy „wt % ….5

Y Nd Zr REa Zn

Min 3.70 2.00 0.40 0.00 0.00
Max 4.30 2.50 1.00 1.90 0.20
WE43b 3.73 2.41 0.53 1.1 0.032

a RE represents other rare earth elements except Nd.
b The WE43 was used in this work.
.

s

c

the dc.21 The anodization current densities and voltages, report
the present paper, represent the sum of the dc and ac compo

Figure 1 shows the two anodization waveforms employed in
work.22 In both cases, a minimum dc voltage,V0 , of 190 V was
initially applied to the anode by the rectifier, causing the cur
density to spike initially to 50-60 mA/cm2 ( i 0), decaying over 10 t
30 s to the desired current (i 1). After that, the ac voltage was i
creased from 0 to 38 V, while the dc voltage was kept consta
190 V. The anodization voltage~sum of dc and ac voltage, ma
tained at;20% of dc! was then increased with time from 228
through V1 to a final voltage,V2 , using one of two approach
shown in Fig. 1. In waveform A~Fig. 1a!, the desired consta
current density (i 1) was maintained for a period of timet1 , fol-
lowed by a period of time (t2 2 t1) of decreasing current to pr
duce an oxide film of a particular thickness. In waveform B~Fig.
1b!, the current density,i 1 , was kept constant throughout the an
ization process by gradually increasing the voltage fromV0 to V2 at
a ramp rate determined by the magnitude ofi 1 (V2 is reached mor
quickly at higher current densities!. The code used to indicate t
anodization conditions of waveform A and B is ‘‘i 1 for t1 , Dt ’’
(Dt 5 t2 2 t1) and ‘‘i 1 for t2 ,’’ respectively, where the meaning
i 1 , t1 , andt2 is the same as described above and shown in Fi

The waveforms shown in Fig. 1 are different from those
ployed by others in the literature.15-17 In Ref. 15 and 16, the voltag
was increased gradually from 0 V to as high as 330 V at con
current, while in Ref. 17, anodization was carried out at con

Mn Cu Fe Si Ni

.00 0.00 0.00 0.00 0.00 0.0
.20 0.15 0.03 0.01 0.01 0.0
.125 0.018 0.001 0.003 9 3 1024 1 3 1024

Figure 1. Waveforms employed i
WE43 alloy anodization.~a! Type A
waveform, ~b! type B waveform
V0 5 190 V.
Li
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voltage at all times. In contrast, our waveform involved the in
application of 190 V, causing very high currents to flow for a
seconds. Also, waveform A involved a current decay period pri
terminating the anodization, shown below to yield additional b
efits to the oxide film corrosion resistance.

Electrochemical measurements.—The impedance measureme
were carried out at the open circuit potential~OCP! in 0.86 M NaCl
solution using a Solartron 1255 frequency response analyzer
nected to a Solartron 1286 electrochemical interface. In this w
the frequencies ranged from 100 kHz to 0.1 Hz, 12 points pe
cade, with a polarization amplitude of 10 mV~rms!. Impedance
measurements and data acquisition were achieved using Zplo
ware. Prior to immersion in the NaCl solution, the sides and
face of the anodized WE43 disc were wrapped with Teflon tape
then coated with epoxy resin, so that only one face~ca. 0.78 cm2!
was exposed to solution during corrosion testing.

A saturated calomel electrode~SCE! was used as the referen
electrode~RE! in all of this work and a large area platinum ga
electrode was used as the CE for the ac impedance experimen
solutions used in this work were prepared from analytical g
reagents and triply distilled water~obtained using a Corning MP6
Mega-Pure distillation system!. No attempt was made to deaer
the NaCl solution during the impedance measurements.

Surface analysis of oxide films.—The morphology of the oxid
films formed at the WE43 alloy was examined with a JSM 630
~JEOL! scanning electron microscope, equipped with energy di
sive X-ray analysis~EDX! capabilities. For the cross-sectio
analyses, the coated WE43 disc samples were diamond saw c
mounted in epoxy, filled with glass reinforcement to ensure
retention during grinding and polishing. The specimens were
ground and polished using standard metallographic technique
the film thickness was then determined by SEM analysis of the
section. Films were also analyzed by RBS using a 2.275 MeV H21

ion beam. The RBS spectra were acquired at a back-scattering
of 160° and were fit by applying a theoretical model and iterati
adjusting the elemental concentrations until good agreemen
found between the theoretical curve and the experimental spe

Results and Discussion

General observations during ac/dc anodization of W
anodes.—Figure 2 shows the development of the anodization
age~sum of the ac and dc voltages! as a function of time of anod
ization of a WE43 sample at an initial current density of 30 mA/c2,
using both waveforms A and B. In Fig. 2, two different stages in
voltage/time responses can be seen. In the first 5 min, the vo
increased rapidly, indicating the rapid growth of a passivating o
film on the alloy surface. In that growth stage, sparks which w
small and quickly extinguished were seen uniformly distribute
the surface. After 7 min of anodization, the voltage increased m
more slowly and almost linearly at the still constant current o
mA/cm2. During this phase, larger and longer-lasting sparks
seen in particular locations on the surface. Large sparks were
erally found to be detrimental, reducing the anodization efficie
and the growth rate of the oxide film~see the section on Morpholo
of anodic oxide films formed on WE43 by ac/dc anodizing, belo!.
After 10 min, the rate of voltage increase for the type A wavef
was slightly slower than for type B, as the current had been allo
to decay to below 30 mA/cm2 in the former case.

The spark frequency and size depended on the anodizatio
rent density, with smaller currents yielding fewer and smaller sp
and when the current density was less than 1 mA/cm2, almost no
sparks were seen. Consistent with this, as the voltage was inc
to maintain a constant high current density, even at long t
~waveform B!, the observed sparks were more frequent and la
The sparks seen during anodization are the result of the diel
breakdown of an oxide film. It is believed that further film grow
occurred through sites at which the barrier oxide layer had br
-
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down,17,23 causing visible sparks or scintillation on the anode
strate.

Morphology of anodic oxide films formed on WE43 by a
anodizing.—Prior to anodization, a WE43 plate specimen
etched in a 2% Nital solution and its microstructure was determ
by optical metallography. Figure 3 shows images of both the lo
tudinal and transverse plane of the specimen. No dendritic stru
were observed. The microstructure was remarkably equiaxed,
cially for a cast and solution heat-treated alloy. The size of mo
the grains seen in Fig. 3 is 65mm or finer, while a few grains are
large as 125mm.

A typical SEM top view image of an oxide film formed on
WE43 alloy is shown in Fig. 4a. The film was deposited using
type A waveform at an initial current density of 30 mA/cm2 for 5
min, followed by 5 min of decay~30 mA/cm2 for 5, 5 min! and the
final anodization voltage was 385 V. Its cross-sectional imag
shown in Fig. 4b. As shown in Fig. 4 and similar to what has b
reported previously,13 the outer part of the oxide film contain
pores of diameters in the range of 0.4 to 3.6mm, with separation
between pores of up toca.5 mm, and a surface porosity ofca.25%.
Figure 4b also shows the presence of an intact barrier film be
the outer porous film.

The dc anodization of Al in acidic solutions~voltage usuall
about 20 V! involves the dissolution of the oxide, resulting in
film containing a regular distribution of pores, having a diam
and spacing which reliably depends on the applied potential an
anodizing solution.24,25 However, for the high ac/dc voltage form
tion of the oxide film at the WE43 alloy in the alkaline silic
medium, the pores seen in Fig. 4 were randomly distributed i
film and many of them appeared to be blocked internally~Fig. 4b!.
It is therefore likely that the growth mechanism of Mg oxide
different from that of Al oxide under these very different conditio
In the ac/dc anodization of WE43, the intense sparking cause

Figure 2. Measured total voltagevs. time relationship during anodization
the WE43 alloy at 30 mA/cm2 using~solid squares! waveform B for 20 min
and ~open squares! waveform A for 10,20 min in alkaline silicate solution
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the dielectric breakdown of the film resulted in the formation
thick deposits which resembled sintered ceramic materials.

A closer look at the cross-sectional images in Fig. 4b reve
that this particular oxide film was actually composed of three la
two outer porous layers, and an inner barrier layer. The outer
layer appeared to have larger pores than the intermediate laye
while the pores in the outer layer traversed through to the m
layer, they did not penetrate the inner barrier film. Unlike the p
in the outer layer, the pores in the intermediate layer were rand
distributed and somewhat interconnected. The formation of the
layer likely occurred by oxide fusion at the high temperat
achieved at high voltages, thus reducing the total number of p
but creating larger pores which were vertical to the substrate
barrier layer was likely the most significant portion of the film le
ing to its corrosion resistance, and it is very important to note
the barrier film did not appear to be porous or cracked. The tota
thickness in Fig. 4b was 8-12mm, while the inner barrier film wa
ca. 0.9 mm thick.

In another experiment using waveform A,t1 ~see Fig. 1! was
extended to 7 min at 30 mA/cm2 and the current was then allowed
decay for another 13 min~30 mA/cm2 for 7, 13 min!, reaching a
maximum voltage of 408 V. A top view of that oxide film, formed

Figure 3. Microstructure of WE43 specimen in the~a! longitudinal plane
and ~b! transverse plane of a region at the center of a specimen.
t
d,

r

,

a freshly polished WE43 specimen, is shown in Fig. 5. Two type
pores can be seen in this film, one of similar size to those in
films formed at voltages below 400 V~Fig. 4!, while the second wa
much larger, likely due to the large and frequent sparks seen a
voltages and high currents. The number of small pores in any
cific area in Fig. 5 is lower than in Fig. 4 and, in some areas
pores are seen in the sample in Fig. 5. This was probably due
partial sealing of small pores on the surface, caused by the ap
tion of voltages above 400 V. It should be noted that, in a pa
experiment employing the type B waveform, when anodization
mA/cm2 was stopped after 7 min without current decay, the o
film also showed partial sealing of the small pores, similar to
seen in Fig. 5. Therefore, the formation of large pores and the p
sealing of smaller pores appears to be related primarily to the
cation of high voltages.400 V and not only to the existence o
current decay period.

When t1 was extended to 10 min at 30 mA/cm2 for anothe
specimen, and the current was allowed to decay for 20 min
mA/cm2 ~30 mA/cm2 for 10, 20 min!, the final voltage reached w
422 V. As the current was still quite high at this point, large
frequent sparks were observed. Fig. 6a shows the morpholo
this film, which is quite different from that shown in Fig. 4, b
more similar to that shown in Fig. 5. Again, there are two size
pores in the oxide film, small pores~0.5-2mm! and larger ones~6-5

Figure 4. SEM images of~a! the surface and~b! cross section of WE4
alloy anodized at 30 mA/cm2 for 5, 5 min in alkaline silicate bath. Barri
layer is between white arrows.
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mm!. The number of small pores per unit area in Fig. 6a is m
lower than in Fig. 4 and 5, demonstrating that some of the sm
pores may have fused at these high voltages~large sparks!. How-
ever, the number of large pores is greater than in either Fig. 4 a
In addition, a few cracks were seen around the large pores in F
It appears that the high current/high voltage anodization of a s
men already coated with a thick oxide film, as in the experimen
Fig. 5 and 6, generated a large amount of heat, resulting i
fusing of the film and sealing of some of the smaller pores. A
same time, the large and frequent sparks seen on a thick oxid
under these conditions clearly resulted in the development of
but very large, pores and the formation of cracks around the l
pores.

The cross-sectional image of the oxide film in Fig. 6a is show
Fig. 6b. As in Fig. 4b, three separate layers can be seen clearly
oxide film. The outer layer contained both small and large p
with the diameter of the large pores increasing with increasing d
into the film. The intermediate layer contained pores that were
tributed randomly and which did not penetrate through to the ba
layer. Compared with the pore size in this layer for films forme
30 mA/cm2 for 5 min, followed by current decay over 5 min~Fig.
4!, anodization at higher voltages and higher current densities d
the period of current decay appears to have lead to an incre
pore size.

As in Fig. 4, a compact barrier layer, which isca. 1 mm thick, is
seen sandwiched between the substrate and the porous ox
Fig. 6b. The total thickness of the oxide film formed at 30 mA/2

for 10 min, followed by a 20 min current decay period and un
conditions such that the final total voltage and current were 4
and 25 mA/cm2, respectively, is almost twice that formed at 385
also at 30 mA/cm2, as shown in Fig. 4. However, the barrier thi
ness increased by onlyca. 20% when the final voltage increas
from 385 to 422 V; this data is discussed in more detail in
following section.

Analysis of oxide film structure and thickness.—For a series o
anodizations carried out at several constant current densitie
conditions were varied in order to determine the relationship
tween the waveform employed, the final anodizing potential
current density, the film morphology, and the film thickness. It
observed that, with an increase in the anodizing voltage, large
more frequent sparks, arising from the dielectric breakdown o
barrier film, were seen, correlating with the increase of the o

Figure 5. Top-view SEM image of th
surface of WE43 alloy anodized at
mA/cm2 for 7, 13 min.
Figure 6. ~a! SEM top-view morphology and~b! cross section of WE4
alloy anodized at 30 mA/cm2 for 10, 20 min. Barrier layer is between wh
arrows.
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film pore size. This is in agreement with what has been rep
for Mg oxide film growth using high dc voltage anodization me
ods in basic aluminate solutions.16

Table II shows the anodization conditions employed and the
properties obtained from the SEM analysis of a series of oxide
formed at WE43 at 10 mA/cm2. Under all conditions at 10 mA/cm2,
only what we have classified as small pores, were formed, gen
ranging from 0.5 to 2mm in diam. For films formed using wavefor
B, the diameter of the pores on the surface, the surface porosi
the porous and barrier layer thickness all increased with incre
anodization time~and hence with increasing final voltages! at 10
mA/cm2. When waveform A was employed, as shown in for sam
4 and 5 in Table II, the voltage continued to increase during th
min of current decay,e.g., from 286 V after the initial 5 min a
constant current~waveform B, sample 1! to 322 V ~sample 4!. Dur-
ing the period of current decay, both the porous and barrier
thickness, as well as the pore diameter and surface porosit
creased further. That was probably caused by the increase in v
when the current density decayed from 10 mA/cm2 at 5 min to 0.5
mA/cm2 after a total of 20 min.

For samples 2~waveform B! vs.5 ~waveform A! in Table II, both
anodized at 10 mA/cm2, the voltage increased from 318 V after
min to 372 V after 50 additional min of current decay, to
mA/cm2. With this increase of voltage, the average pore size
surface porosity both increased, along with the porous and b
layer thickness. The increasing pore size with time of current d
may be correlated with the fewer, but larger, sparks seen at h
voltages.

Table III shows the analogous data to that in Table II but for
anodization of WE43 at the higher current density of 30 mA/c2,
again using both waveforms A and B. It can be seen in Table III
when using waveform B, a voltage of 360 V was required aft
min (t1), 396 V after 7 min (t1), and 405 V after 10 min (t1) to
maintain a constant current density of 30 mA/cm2. These voltage
are all higher than required at 10 mA/cm2, as expected. With th
increase of anodizing time and voltage, both the porous and b
layers became thicker. Notably, the porosity on the surface seen
5 min of anodization, 28%, was much greater than the 15% se
lower current densities~Table II! under otherwise similar condition

Table II. Pore size, surface porosity, and oxide film thickness as a

Sample
no.

Anodizing
waveform
and times

Final voltage,
and current

density
~V, mA/cm2!

1 B, 5 min 286, 10
2 B, 10 min 318, 10
3 B, 15 min 354, 10
4 A, 5, 15 min 322, 0.5
5 A, 10, 50 min 372, 0.5

Table III. Pore size, surface porosity, and oxide film thickness as a

Sample
no.

Anodizing
waveform

time

Final voltage,
and current

density
~V, mA/cm2!

1 B, 5 min 360, 30
2 B, 7 min 396, 30
3 B, 10 min 405, 30
4 A, 5, 5 min 385, 10
5 A, 7, 13 min 408, 4
6 A, 10, 20 min 422, 20
d

-
e

r

r

r
r
t

Also, the small pores were larger in diameter for films forme
high vs. low current densities.

After 7 min at 30 mA/cm2 ~waveform B, samples 2 and 3
Table III!, a second type of pore, having a substantially larger d
eter, was seen. Interestingly, once the larger pores develope
number of small pores decreased, from occupying 28% of the
face area after 5 min to 16% after 10 min, while the number of
pores increased from 5 to 8% of the surface after 10 min. The
surface porosity remained relatively constant with anodization
using waveform B at 30 mA/cm2.

As shown in Table III, when the anodization was carried
using waveform A at 30 mA/cm2, the small pores were larg
than for films formed for similar time periods by waveform
However, as the larger pores formed after longer times of cu
decay~at higher voltages!, the fraction of the surface covered
the smaller pores dropped, from 24% at 385 V to 12% at 40
Interestingly, the size of both the smaller and larger pores rem
close to constant, independent of the final voltage when using w
form A.

It was observed during the anodization of WE43 that the
quency and size of the sparks decreased when a period of c
decay ~waveform A! was allowed. As was the case for the fil
formed at 10 mA/cm2 in Table II, the voltage continued to increa
during the period of current decay for the films formed at
mA/cm2 in Table III. During the decay period, the porous and
rier film thickness both increased somewhat, and the numb
large pores~porosity! also increased. However, the number of sm
pores decreased, while the diameter of both the small and
pores remained almost constant. The change in the number of
and large pores was likely correlated to the number of smal
large sparks, respectively, seen during the decay period.

The relationship between the final total anodizing voltage~for
both waveforms A and B! and the porous and barrier film thickn
is shown in Fig. 7. In Fig. 7a, it can be seen that the relation
between the thickness of the porous film formed using either w
form A ~squares! or B ~circles! and the final voltage was line
However, the line did not pass through the origin and thex axis

ion of anodizing conditions at 10 mAÕcm2 using waveforms A and B.

re
eter
!

Porosity
~percent of

surface!

Porous
layer

thickness
~mm!

Barrier oxide
thickness

~mm!

-1.0 15 3.5 0.55
-1.4 18 5.4 0.60
-2.0 20 9.4 0.65
-1.4 20 6.4 0.6

6-4.5 25 9.7 0.7

tion of anodizing conditions at 30 mAÕcm2 using waveforms A and B.

all and
e pore
meter

mm!

Porosity,
small and
large pores
~percent of

surface!

Porous
layer

thickness
~mm!

Barrier
oxide

thickness
~mm!

.4-2.6 28, 0 8.2 0.80
-2, 10-15 20, 5 13.0 0.90
-3, 8-15 16, 8 15.0 0.95
.8-3.6 24, 0 8.3 0.7
-4, 12-15 12, 0 15.0 0.95
5-2, 6-15 5, 14 18.0 1.0
funct

Po
diam

~mm

0.4
0.6
0.6
0.6
func

Sm
larg
dia

~

0
0.5
0.5

0
0.6
0.
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intercept isca.250 V ~dc plus ac!, suggesting that significant poro
oxide film formation did not initiate until a voltage greater than
is applied. Then, the growth rate of the porous film was 70 n

Figure 7. Oxide film thicknessvs.final anodization voltage for films forme
at WE43 at 10 and 30 mA/cm2 in alkaline silicate solution.~a! Average tota
oxide film thickness and~b! barrier film thickness.~Squares! waveform A,
~circles! waveform B.
independent of the anodization current density and the wave
employed.

In Fig. 7b, a plot of only the barrier film thicknessvs.the applied
voltage also reveals a linear relationship. The slope yields an
izing ratio of ca. 2.0 nm/V, independent of the current density
the type of waveform employed~waveform A squares, waveform
circles!. The plot goes through the origin, demonstrating that
barrier film properties did not vary with applied voltage. This ba
film anodizing ratio was somewhat higher than that obtained fo
oxide films, formed by dc anodization in sulfuric acid or neu
solutions,i.e., 1.5-1.7 nm/V,26 but was close enough to these val
to suggest that the barrier film was a poor ionic conductor and t
was thickened by a field-assisted process.27,28

Composition of oxide film formed at WE43.—The RBS spectra o
two films, one formed at 30 mA/cm2 ~waveform B! for 5 min to 385
V and a second at 30 mA/cm2 for 5, 35 min, finally reaching 390
using waveform A, are shown in Fig. 8. The results show the
ence of fluorine and silicon in both films. The incorporation of fl
rine decreased with increasing final voltage and time using w
form A, in contrast to the silicon content. The concentration
magnesium remained the same in both films, independent o
formation conditions. As the final voltage and anodization time
creased, and using waveform A, the concentration of potassiu

Figure 8. ~Solid line! Experimental and~dashed line! simulated RBS spect
of oxide film formed at WE43 alloy by anodizing at 30 mA/cm2 using ~a!
waveform A for 5, 35 min, and~b! waveform B for 5 min.
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the oxide films increased as well. However, no sodium was det
in the oxide film using RBS, even though sodium silicate was
in the anodizing bath.

The composition of several oxide films formed at WE43 a
mA/cm2 using both waveforms A and B is shown in Table IV. If M
was present primarily as MgO and MgF2 , then the amount of re
maining oxygen was consistent with the presence of SiO2 in the
film. The incorporation of silicon during anodization likely arose
the deposition of colloidal silica. This may form during anodiza
by the acidification of the solution near the alloy surface, accor
to Reactions 1 and 2

Mg 1 2 OH2 5 Mg~OH!2 1 2e2 @1#

4OH2 5 2 H2O 1 Ȯ2 1 4e2 @2#

The local acidity generated, in turn, results in the formation of si
which is then incorporated into the oxide film

SiO4
42 1 4H1 5 Si~OH!4 @3#

Si~OH!4 1 Si~OH!4 1 ... 5 ~xSiO2 • yH2O! @4#

In any fluoride-containing solution, the formation of MgF2 oc-
curs, along with Mg(OH)2 .29,30In our case, the presence of fluor
in the oxide film was the result of the reaction between fluoride
Mg ions in the film. The increase in the local temperature du
sparking will also accelerate the growth rate of MgF2 . Y and Nd
were also present in the oxide film, likely in combination with o
gen.

Based on the relative contents of each element in the oxide
in Table IV, the possible composition of the oxide film w
Mg(OH)2 , MgO, MgF2 , SiO2 and a small amount of K2SiO4 , as
well as Y and Nd oxide. The molar ratio of Mg(OH)2 , MgO, MgF2 ,
SiO2 would then be 9.5:14:3.5:10 for the oxide film formed at a fi
voltage of 385 V~waveform B!, and 8:16:3:11 for the film forme
up to 390 V~waveform A!. The increase in the MgO concentrat
and the decrease of Mg(OH)2 ~from the above analysis! with in-
creasing final voltage and anodizing time demonstrated the t
tion of Mg(OH)2 to MgO in the oxide film. As the barrier film wa
shown above to remain the same under all anodization condi
likely as MgO, this suggests that the outer porous oxide film
initially Mg(OH) 2 , which then decomposed to MgO. The incre
in the SiO2 concentration and the decrease in the MgF2 concentra
tion with increasing final anodization voltage and time sugges
increasing incorporation of colloidal silica under these conditio

Correlation of corrosion resistance with oxide film properties.—
The purpose of forming an oxide film on the WE43 alloy surf
was to provide it with improved corrosion protection. As s
from the above results and from the literature,15,16 a thick, but
porous, oxide film, overlying an intact barrier oxide film, can
formed on the alloy by ac/dc anodization in an alkaline sili
based bath. The properties of both of these oxide layers have
shown above to depend strongly on the anodization conditions
ployed, e.g., the waveform, anodizing current, final voltage,
anodization time.

Table IV. Atomic concentration of elements in anodic oxide films
at WE43.

O F Mg Si K Y Nd

Film 1a 52.7 6.0 27.0 11.5 1.0 0.4 0.1
Film 2a 53.5 7.0 27.0 10.0 0.07 0.4 0.1
Substrate 99.5 0.3 0.11

a Films 1 and 2 were formed at 30 mA/cm2 for 5, 35 min~waveform A!
and for 5 min ~waveform B!, until a voltage of 390 and 385 V,
respectively, was reached.
-

,

n
-

Therefore, the corrosion resistance of the anodized WE43 s
mens was determined in 0.86 M NaCl as a function of immer
time using the ac impedance technique. Figure 9 shows a typic
of impedance data, in both the Nyquist and Bode representation
a type A ~Fig. 9a! and a type B~Fig. 9b! film, both formed at 3
mA/cm2, but differing by the period of current decay permitted
the type A film. The impedance data shown in Fig. 9a and b
collected at the OCP after 24 h of immersion in 0.86 M NaCl. T
were then best-fitted using an equivalent circuit~see insert of Fig. 9!
consisting of two~R-CPE! components in series with the solut
resistance,Rs, between the WE43 electrode and the reference
trode. Here,R is a film or reaction resistance and a CPE is a con
phase element, which reflects the dispersion of a capacitive el
~e.g., the film dielectric capacitance! around a central value.31,32

Both the experimental data and the calculated overlays, bas
a best fit to this equivalent circuit, are shown in Fig. 9. The co
sion resistance of the ac/dc anodized WE43 could then be
mined from the sum ofR1 andR2 , found to be similar to the resi
tance obtained if a single time constant equivalent circuit was
asR1 andR2 in the two-time equivalent circuit for impedance d
fitting likely represent the resistance of inner barrier and oute
rous layer, respectively.33 Figure 10 shows the corrosion resista
(R1 1 R2) as a function of immersion time for a series of ox
films formed at 30 mA/cm2 using the type B waveform for 5 and
min, and using the type A waveform, as follows: 5, 5 min; 7, 13 m
and 10, 20 min. The sample number, the thickness of both the
lying porous and the inner barrier oxide film, the average por
ameter, and the surface porosity of each film are given in Tabl

Figure 10 shows that the corrosion resistance changed with
and that three regimes can be identified. In the first 3 h, the c
sion resistance decreased very rapidly with time. In the nex
proximately 10 h, the corrosion resistance increased, reach
peak, and then the resistance dropped again in the third phase
the oxide film failed and pitting was seen~or the corrosion resi
tance suddenly decreased to,10,000V!. A more rigorous analys
of the mechanism of film breakdown, in relation to these three
periods, will be presented in a later paper.33

As can be seen from Fig. 10, the general trend is that the s
anodizing times led to earlier failure, as expected. The poores
~sample 1! was formed at 30 mA/cm2 for only 5 min, although th
additional period of time of current decay~5 min! for sample 4
clearly provided additional benefits. Table III shows that the l
film had a thicker porous and barrier film, and a lower surface
rosity. The two films formed on samples 3 and 5 in Table III,i.e., in
10 min ~waveform B! and 7, 3 min~waveform A!, respectively
exhibit the highest corrosion resistance after 60 h of immersio
the NaCl solution. In the first 20 h, the film formed at sample 5
13 min ~waveform A! has a similar corrosion resistance to the
formed at sample 3,i.e., formed in 10 min~waveform B!. However
the former has a much higher resistance than the latter at imm
times between 20 and 60 h, even though both films experience
same final anodization voltage. Therefore, the films formed u
waveform A did exhibit a higher corrosion resistance, overall.
tably, both of these films, formed to a very similar final voltage,
a similar porous and barrier film thickness and similar pore d
eters~Table III!. The difference in the corrosion resistance betw
these two films was probably caused by the small difference i
total number of both the small and large pores~surface porosity!, as
shown in Table III. Sample 5 had fewer small pores but a gr
number of large pores than did sample 3. However, the total po
of sample 5 was slightly less than that of sample 3.

It can also be seen in Fig. 10 that the oxide film formed a
mA/cm2 in 10, 20 min~sample 6 in Table III! had a lower corrosio
resistance than that formed at 30 mA/cm2 for 7, 13 min~sample 5
Table III!, even though the former film had a thicker porous
barrier film than the latter. As shown in Table III, the total surf
porosity of sample 6 was lower than that of sample 5, due to
significant decrease in the number of small pores. Howev
greater number of large pores were seen for sample 6, from 1
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the surface for sample 5 to 14% for sample 6. The SEM imag
sample 6~Fig. 6a! also shows the presence of a few cracks aro
the large pores, both factors likely leading to its earlier failure
ing corrosion testing.

Therefore, the improvement in the corrosion resistance- w
could be achieved by increasing the oxide film thickness by u
higher anodization voltages- was limited by the fact that large p
with associated film cracking, also developed, likely due to the
eration of large and frequent sparks under these conditions. T
fore, the correlation between the corrosion resistance and the
oxide film thickness, including the barrier film thickness, was c
plicated when large pores~above 6mm in diam! were formed, an
when the smaller pores were partially sealed during anodiza
Further, oxide films formed at lower voltages,i.e., those which did
not contain any of the larger pores and which had a barrier
thickness less than 0.90mm, exhibited a corrosion resistance wh
seemed to be primarily proportional to the barrier film thicknes

Conclusions

Two types of waveforms were employed in the ac/dc anodiz
of the WE43 alloy in an alkaline silicate solution. In both cases
anodizing voltage ofca.190 V was applied initially. In waveform A
the desired constant current density was then maintained for a p
-
l

d

of time, followed by a period of time of decreasing current, whil
waveform B, the current density was kept constant throughou
anodization process. The oxide films thus formed were all comp
of an underlying barrier layer and a thick porous oxide film,
latter sometimes seen to be composed of two layers. The oute
of these two layers appeared to contain larger pores than the
mediate layer, and the pores were interconnected, but did no
etrate the inner barrier film.

For either waveform employed, at low anodization current
sities ~e.g., 10 mA/cm2!, only small pores~0.5 to 4 mm in diam!
were formed, while at 30 mA/cm2, both small and large~5-15 mm
diam! pores were observed, likely related to the size of the sp
seen visually. Longer times of anodization at 10 mA/cm2 caused th
small pores to become somewhat larger in diameter and in nu
At 30 mA/cm2, while the small pores also became a little larger w
longer anodization times, they decreased in number as they
sealed, especially above 400 V, being replaced by the larger
which increased in number. However, in both cases, the higher
ages reached at longer times also caused both the barrier and
lying porous films to thicken substantially and cracks to dev
around the large pores.

The thickness of the barrier film depended linearly on the
voltage employed, yielding an anodization ratio of 2 nm/V.

Figure 9. ~Solid line! Experimental an
~dashed line! theoretical Nyquist an
Bode impedance plots for anodiz
WE43 samples in 0.86 M NaCl soluti
after 24 h of immersion.~a! oxide film
was formed at 30 mA/cm2 for 7, 13 min;
~b! oxide film was formed at 30 mA/cm2

for 10 min. The equivalent circuit em
ployed for impedance fitting is als
shown in the figure.
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barrier film appeared to have the same properties under all an
tion conditions employed. In contrast, the porous film thickened
rate of 70 nm/V, but only after a voltage above 240 V has b
reached, independent of the current density and the type of w
form employed. The oxide film was composed of MgO, Mg(OH2 ,
MgF2 , and SiO2 , with their molar ratios depending on the fin
voltage and total anodization time. An increase in the final ano
tion voltage and time led to an increase in the MgO and SiO2 and a
decrease in the Mg(OH)2 and MgF2 content of the films.

The corrosion resistance of these anodized specimens wa
erally seen to be highest for films formed at higher voltages~longer
times, higher currents!. This demonstrates that the increasing th
ness of both the barrier and porous layers achieved outweighe
increase in the total pore area in providing corrosion protec
However, the improvement in the corrosion resistance by incre
the oxide film thickness became limited at voltages. ca.410 V due

Figure 10. Corrosion resistance of anodized WE43 samples as a funct
immersion time in 0.86 M NaCl solution. The WE43 samples were ano
as follows: at~a! 30 mA/cm2 for 5 min, ~b!, 10 min, ~c! 5, 5 min, ~d! 7, 13
min, and~e! 10, 20 min.
to the increasing number of large pores and cracks which develope
-

-

-

e

under those conditions. Oxide films of the same thickness, form
WE43 using waveform A, did exhibit a slightly higher corros
resistance overall, likely due to the fewer number of small p
present than for films formed using waveform B.
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