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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),, MgF,, and SiQ, 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 tham® 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.
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Mg alloys have many unique properties compared with otherthese processes involve a chromate-based component that is
metals. Their most attractive feature is their low density, 1.73 g/cm now being restricted by environment regulations. Therefore, the de-
for pure Mg and approximately 1.80 g/chfor most Mg alloys; velopment of chromate-free methd@és®is becoming increasingly
about two-thirds that of Al and its alloys. Some other advantages arémportant. The resultant films formed in these two processes, typi-
their very high strength-to-weight ratio, high stiffness, and mechani-cally up to tens of micrometers in thickness, are porous, and sealing
cal castability. In addition, Mg is very abundant, being present injs often necessary to impart high corrosion resistance to the alloy
high concentrations in seawater, and it is therefore a comparativelgupstrate. For example, our recent wdrkas shown that excellent
low cost material. corrosion resistance can be achieved by sealing with Parylene film.

Due to their attractive features, Mg alloys have been used exten- |n one nonchromate proce¥shydrofluoric acid, which can react
sively for a wide variety of structural and nonstructural purposes. Inyith the Mg alloy to form a protective layer of MgRvhich strongly
order to meet the increasing aerospace demand for lightweight maadheres to the substrate metal and resists further attack, is employed
terials with high strength, high performance, and especially highin the bath, along with phosphoric acid and boric acid. However,
corrosion resistance, strenuous efforts have been directed toward thRat process involves the use of a highly toxic and corrosive mate-
development of advanced Mg alloys in the last decade. Two newial, hydrofluoric acid. An alternative anodization process, which is
generations of Mg alloys have been identified, having corrosioncarried out in alkaline solutions with the addition of fluoride ions
rates comparable to those of Al-based alloys. One is a high purityand aluminate, phosphate, or silicate, has also been deveftped.
Mg-Al alloy, such as AZ91, in which the Fe, Ni, and Cu contents are pyring anodization, sparks result from the application of a very high
restricted to less than 50, 50, and 700 ppm, respectively, and a veryoltage, in the range afa. 200 to 400 V, to the Mg alloy. This spark
high corrosion resistance has been achieved. The second type of neyfocess produces an anodic film containing Mg oxide/hydroxide and
alloy is the Mg-Y-Nd-Zr system, with examples being WE54 and other inorganic oxides and compounds. These surface films provide
WEA43. This group of alloys not only benefits from high purity and a hoth good corrosion protection and abrasion resistance, as well as
lack of microporosity, due to the presence of Zr, but it also showsoffer an excellent paint base for further treatment. When the anodic
superior corrosion resistance and can be utilized at elevateq teNYilms are treated further by, for example, sealing and/or painting, an
peratures. Therefore, these alloys have become very attractive fasyen greater corrosion and abrasion resistance can be expected.
aerospace applications, such as in engine components, transmission studies of anodic films formed on magnesium and its alloys
systems, and helicopter gearboxes operating at temperatures up {9 alkaline silicate media are raté* compared with those involv-
250°C3* _ _ ing alkaline phosphat&!® and aluminat¥® electrolytes. The

~ WE43, developed by Magnesium Elektron Ltds an alloy with  present study provides a detailed characterization of anodic films
high purity, intrinsically high corrosion resistance, and high formed on the WE43 alloy in an alkaline silicate electrolyte. The
strength, and long term stability up to 250°C. The chemical compo-employment of WE43 in this study is specifically for its potential
sition of WE43A-T6 is given in Table | where T6 denotes the fact yse in aerospace applications. A range of anodizing conditions has
that the alloy has been solution treated and artificially #g8de  peen employed in an attempt to determine the optimum film prop-
impurities in this alloy, particularly Fe, Ni, and Cu, have been re- erties by correlating the film morphology with its corrosion resis-
duced to a very low level. Many industrial organizations and re- tance. Scanning electron microsco«SEM) has been emp|oyed to
search institutés™ are actively evaluating and investigating the examine the morphology and thickness of the oxide films formed at
properties of WE43 in various environments for applications in the WE43 alloy, while the Rutherford backscatterifRBS) tech-
aerosptace, automotive, power tools, recreational equipment, anﬁique has been employed to establish its composition.
computers.

Although the WEA43 alloy exhibits a relatively high corrosion
resistance, it still needs further protection prior to its use in most
practical applications. A number of anodic and chemical conver- WE43 samples—The magnesium alloy, WE43, was supplied by
sion coating techniques have been developed and are commercialMagnesium Elektron Ltd. and was cast by Chicago Magnesium un-
available for Mg alloys®*3relying on the generation of sparks on der contract from Honeywell Internationdlormerly AlliedSignal
the alloy surface to develop ceramic-like films. However, some ofInc.) The composition of the alloy is given in Table I. The working

electrode consisted of a disk, 10 mm in diam and 5 mm thick, cut

from the ingot. Both faces and the sides were single point machined
* Electrochemical Society Active Member. and then mechanically polished using abrasive emery paper, which
Z E-mail: birss@ucalgary.ca gave a surface finish of 0.69m R,. A threaded holé2 mm diam)

Experimental
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Table I. Composition of WE43-T6 Mg alloy (wt %).%

Y Nd Zr RE? Zn Li Mn Cu Fe Si Ni
Min 3.70 2.00 0.40 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Max 4.30 2.50 1.00 1.90 0.20 0.20 0.15 0.03 0.01 0.01 0.01
WE42 3.73 241 0.53 1.1 0.032 0.125 0.018 0.001 0.003 9 x 10* 1x10*

2RE represents other rare earth elements except Nd.
b The WE43 was used in this work.

in the side of the disc was designed to fit a stainless $&®Irod, the dc?! The anodization current densities and voltages, reported in
used as an electrical contact and to suspend the disc in solution. the present paper, represent the sum of the dc and ac components.

WE43 anodizatior—Prior to formation of the oxide film, the Figure 1 shows the two anodization waveforms employed in this

WE43 disc electrodes were degreased ultrasonically in ethanol for gvp_rk.zz In b(.)th cases, a minimum dc Vo'.tag\%’ of .190 Vv was
min and then in a mid alkaline solution (0.2M MO, |n|t|aI_Iy appllgd t_o_t_he anode by the regtlfler, causing the current
+ 0.1 M NaBO; + 0.02 M NaF, pH 10.5at 70°C for 5 min-213 density to splke_lnltlally to 50-60 mA/cfi(i,), decaying over 10 Fo
That alkaline solution, commonly used to brighten die cast alloys,30 S to the desired current,]. After that, the ac voltage was in-
led to an insignificant metal loss afte 5 mintreatment. The Teflon-  creased from 0 to 38 V, while the dc voltage was kept constant at
wrapped SS rod holder was then screwed into the disc electrodel90 V. The anodization voltagesum of dc and ac voltage, main-
After the disc electrode was coated anodically on its side and botHained at~20% of dg was then increased with time from 228 V
faces, this was sometimes followed by a post-treatment and théhroughV,; to a final voltage,V,, using one of two approaches
samples were then left in air for a week or more. shown in Fig. 1. In waveform AFig. 18, the desired constant
Anodization of the WE43 disks was performe_d_in a 300_mL current density i(;) was maintained for a period of timg, fol-
volume glass cell, having a removable top containing three inletsowed by a period of timetf — t;) of decreasing current to pro-
(for the anode, cathode and a thermometer, placed about 1.5 crjuce an oxide film of a particular thickness. In waveforn{Fg.
ot e e oo ey the o ot o e, T cell D) e curtent densi, was kept constant throughou the anoct
placed in a crystallization disf2 L vol), used to hold the ice water Wation process by gradually Increasing th_e volta_ge flegito V; at
bath required to maintain the cell solution temperature between 1¢* "@mPp rate determined by the magnitude,ofV;, is reached more
and 20°C during the anodizing step. The electrolyte employed toqmck]y qt higher .c.urrent densitiesThe code usgd to indicate the
anodize the WE43 alloy was composed of 5-7 g/L KOH, 8-10 g/L @nodization conditions of waveform A and B is,"for t;, At
KF, and 15-20 g/L NgSiO,, with the final solution pH being (At =t — t;) and “i, for t,,” respectively, where the meaning of
12.5-13%° The anodization process was accomplished using a relaiy, t;, andt, is the same as described above and shown in Fig. 1.
tively high voltage rectifier which supplied a combination of(66 The waveforms shown in Fig. 1 are different from those em-
Hz sine wave and dc power to the electrochemical cell. Typical dc ployed by others in the literatuf&:}” In Ref. 15 and 16, the voltage
voltages were in the range of 190 to 350 V, and the superimposed awas increased gradually from 0 V to as high as 330 V at constant
voltage (root-mean-square, rms vajugas maintained at-20% of current, while in Ref. 17, anodization was carried out at constant

V2 V2
Vi
Vot--- Vol---

Figure 1. Waveforms employed in
. ' . ) . . : WEA43 alloy anodization.(a) Type A
b : b |77 ' waveform, (b) type B waveform.

Vo = 190 V.
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voltage at all times. In contrast, our waveform involved the initial
application of 190 V, causing very high currents to flow for a few
seconds. Also, waveform A involved a current decay period prior to 400 —0
terminating the anodization, shown below to yield additional ben- B
efits to the oxide film corrosion resistance. /

u]
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Electrochemical measurementsThe impedance measurements
were carried out at the open circuit potent@CP in 0.86 M NaCl u
solution using a Solartron 1255 frequency response analyzer con- 300
nected to a Solartron 1286 electrochemical interface. In this work,
the frequencies ranged from 100 kHz to 0.1 Hz, 12 points per de-
cade, with a polarization amplitude of 10 m¥ms). Impedance > 3 !fud:'
measurements and data acquisition were achieved using Zplot soft- — A
ware. Prior to immersion in the NaCl solution, the sides and one
face of the anodized WE43 disc were wrapped with Teflon trz#)e and
then coated with epoxy resin, so that only one féza 0.78 cnf)
was exposed to solution during corrosion testing.

A saturated calomel electrod8CBE was used as the reference ]
electrode(RE) in all of this work and a large area platinum gauze
electrode was used as the CE for the ac impedance experiments. All
solutions used in this work were prepared from analytical grade 100 2504
reagents and triply distilled watéobtained using a Corning MP6A
Mega-Pure distillation systemNo attempt was made to deaerate

i i i 200 T v T
the NaCl solution during the impedance measurements. o5 1o 15 20

Surface analysis of oxide filmsThe morphology of the oxide log (anodizing time / min)
films formed at the WE43 alloy was examined with a JSM 6300 V 0 T T T T T 1
(JEOL) scanning electron microscope, equipped with energy disper- 0 5 10 15 20 25 30
sive X-ray analysis(EDX) capabilities. For the cross-sectional . . .
analyses, the coated WE43 disc samples were diamond saw cut and anodizing time / min
mounted in epoxy, filled with glass reinforcement to ensure edge . . . . o
retention during grinding and polishing. The specimens were therl, 'g‘{ﬁéé“gﬁs;”;tegotorﬂ/‘é%fjg:z(“Srgri“ Ji?&fg;&g\?;g?g aB”%‘:'ZZ%t'?n’i‘n"f
ground and polished using standard metallographic techniques, an L A !
the film thickness was then determined by SEM analysis of the cros$ d(open squargswvaveform A for 10,20 min in alkaline silicate solution.
section. Films were also analyzed by RBS using a 2.275 Me¥/ He
ion beam. The RBS spectra were acquired at a back-scattering angle
of 160° and were fit by applying a theoretical model and iteratively down?"?® causing visible sparks or scintillation on the anode sub-
adjusting the elemental concentrations until good agreement wasirate.
found between the theoretical curve and the experimental spectra.
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Morphology of anodic oxide films formed on WE43 by ac/dc
anodizing—Prior to anodization, a WE43 plate specimen was
etched in a 2% Nital solution and its microstructure was determined

General observations during ac/dc anodization of WE43 by optical metallography. Figure 3 shows images of both the longi-
anodes—Figure 2 shows the development of the anodization volt- tudinal and transverse plane of the specimen. No dendritic structures
age(sum of the ac and dc voltageas a function of time of anod- were observed. The microstructure was remarkably equiaxed, espe-
ization of a WE43 sample at an initial current density of 30 m&lcm cially for a cast and solution heat-treated alloy. The size of most of
using both waveforms A and B. In Fig. 2, two different stages in the the grains seen in Fig. 3 is §m or finer, while a few grains are as
voltage/time responses can be seen. In the first 5 min, the voltag&rge as 125.m.
increased rapidly, indicating the rapid growth of a passivating oxide A typical SEM top view image of an oxide film formed on the
film on the alloy surface. In that growth stage, sparks which wereWE43 alloy is shown in Fig. 4a. The film was deposited using the
small and quickly extinguished were seen uniformly distributed ontype A waveform at an initial current density of 30 mA/&iior 5
the surface. After 7 min of anodization, the voltage increased muchmin, followed by 5 min of decay30 mA/cnt for 5, 5 min and the
more slowly and almost linearly at the still constant current of 30 final anodization voltage was 385 V. Its cross-sectional image is
mA/cn?. During this phase, larger and longer-lasting sparks wereshown in Fig. 4b. As shown in Fig. 4 and similar to what has been
seen in particular locations on the surface. Large sparks were gerreported previously® the outer part of the oxide film contained
erally found to be detrimental, reducing the anodization efficiencypores of diameters in the range of 0.4 to 3.8, with separations
and the growth rate of the oxide fil(see the section on Morphology between pores of up toa. 5 um, and a surface porosity cf. 25%.
of anodic oxide films formed on WE43 by ac/dc anodizing, below Figure 4b also shows the presence of an intact barrier film beneath
After 10 min, the rate of voltage increase for the type A waveform the outer porous film.
was slightly slower than for type B, as the current had been allowed The dc anodization of Al in acidic solution&oltage usually
to decay to below 30 mA/cfin the former case. about 20 V involves the dissolution of the oxide, resulting in a

The spark frequency and size depended on the anodization cufilm containing a regular distribution of pores, having a diameter
rent density, with smaller currents yielding fewer and smaller sparks,and spacing which reliably depends on the applied potential and the
and when the current density was less than 1 mA/aimost no  anodizing solutiorf*?°> However, for the high ac/dc voltage forma-
sparks were seen. Consistent with this, as the voltage was increasé¢idn of the oxide film at the WE43 alloy in the alkaline silicate
to maintain a constant high current density, even at long timesmedium, the pores seen in Fig. 4 were randomly distributed in the
(waveform B, the observed sparks were more frequent and largerfilm and many of them appeared to be blocked interndfig. 4b).

The sparks seen during anodization are the result of the dielectridt is therefore likely that the growth mechanism of Mg oxide is
breakdown of an oxide film. It is believed that further film growth different from that of Al oxide under these very different conditions.
occurred through sites at which the barrier oxide layer had brokenn the ac/dc anodization of WE43, the intense sparking caused by

Results and Discussion
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(b) Figure 4. SEM images of(a) the surface andb) cross section of WE43
alloy anodized at 30 mA/cfrfor 5, 5 min in alkaline silicate bath. Barrier

. . ) . - layer is between white arrows.
Figure 3. Microstructure of WE43 specimen in tHe) longitudinal plane

and (b) transverse plane of a region at the center of a specimen.

a freshly polished WE43 specimen, is shown in Fig. 5. Two types of
pores can be seen in this film, one of similar size to those in the

the dielectric breakdown of the film resulted in the formation of films formed at voltages below 400 (¥ig. 4), while the second was
thick deposits which resembled sintered ceramic materials. much larger, likely due to the large and frequent sparks seen at high

A closer look at the cross-sectional images in Fig. 4b revealedvoltages and high currents. The number of small pores in any spe-
that this particular oxide film was actually composed of three layers,cific area in Fig. 5 is lower than in Fig. 4 and, in some areas, no
two outer porous layers, and an inner barrier layer. The outermospores are seen in the sample in Fig. 5. This was probably due to the
layer appeared to have larger pores than the intermediate layer angartial sealing of small pores on the surface, caused by the applica-
while the pores in the outer layer traversed through to the middletion of voltages above 400 V. It should be noted that, in a parallel
layer, they did not penetrate the inner barrier film. Unlike the poresexperiment employing the type B waveform, when anodization at 30
in the outer layer, the pores in the intermediate layer were randomlynA/cn? was stopped after 7 min without current decay, the oxide
distributed and somewhat interconnected. The formation of the outefilm also showed partial sealing of the small pores, similar to that
layer likely occurred by oxide fusion at the high temperatures seen in Fig. 5. Therefore, the formation of large pores and the partial
achieved at high voltages, thus reducing the total number of poressealing of smaller pores appears to be related primarily to the appli-
but creating larger pores which were vertical to the substrate. Thecation of high voltages>400 V and not only to the existence of a
barrier layer was likely the most significant portion of the film lead- current decay period.
ing to its corrosion resistance, and it is very important to note that Whent; was extended to 10 min at 30 mA/énfor another
the barrier film did not appear to be porous or cracked. The total filmspecimen, and the current was allowed to decay for 20 min to 25
thickness in Fig. 4b was 8-12m, while the inner barrier film was — mA/cn? (30 mA/cn? for 10, 20 min), the final voltage reached was
ca. 0.9 pm thick. 422 V. As the current was still quite high at this point, large and

In another experiment using waveform A, (see Fig. 1 was frequent sparks were observed. Fig. 6a shows the morphology of
extended to 7 min at 30 mA/cdhand the current was then allowed to this film, which is quite different from that shown in Fig. 4, but
decay for another 13 mifB0 mA/cn? for 7, 13 min, reaching a  more similar to that shown in Fig. 5. Again, there are two sizes of
maximum voltage of 408 V. A top view of that oxide film, formed on pores in the oxide film, small poré6.5-2 .m) and larger one¢6-5
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Figure 6. (a) SEM top-view morphology andb) cross section of WE43
alloy anodized at 30 mA/cffor 10, 20 min. Barrier layer is between white
arrows.

Figure 5. Top-view SEM image of the
surface of WE43 alloy anodized at 30
mA/cn? for 7, 13 min.

wm). The number of small pores per unit area in Fig. 6a is much
lower than in Fig. 4 and 5, demonstrating that some of the smaller
pores may have fused at these high voltaesge sparks How-
ever, the number of large pores is greater than in either Fig. 4 and 5.
In addition, a few cracks were seen around the large pores in Fig. 6a.
It appears that the high current/high voltage anodization of a speci-
men already coated with a thick oxide film, as in the experiments of
Fig. 5 and 6, generated a large amount of heat, resulting in the
fusing of the film and sealing of some of the smaller pores. At the
same time, the large and frequent sparks seen on a thick oxide film
under these conditions clearly resulted in the development of few,
but very large, pores and the formation of cracks around the larger
pores.

The cross-sectional image of the oxide film in Fig. 6a is shown in
Fig. 6b. As in Fig. 4b, three separate layers can be seen clearly in the
oxide film. The outer layer contained both small and large pores,
with the diameter of the large pores increasing with increasing depth
into the film. The intermediate layer contained pores that were dis-
tributed randomly and which did not penetrate through to the barrier
layer. Compared with the pore size in this layer for films formed at
30 mA/cnt for 5 min, followed by current decay over 5 mifig.

4), anodization at higher voltages and higher current densities during
the period of current decay appears to have lead to an increase in
pore size.

As in Fig. 4, a compact barrier layer, whichda. 1 pm thick, is
seen sandwiched between the substrate and the porous oxide in
Fig. 6b. The total thickness of the oxide film formed at 30 mAfcm
for 10 min, followed by a 20 min current decay period and under
conditions such that the final total voltage and current were 422 V
and 25 mA/cr, respectively, is almost twice that formed at 385V,
also at 30 mA/crfy as shown in Fig. 4. However, the barrier thick-
ness increased by onlga. 20% when the final voltage increased
from 385 to 422 V,; this data is discussed in more detail in the
following section.

Analysis of oxide film structure and thicknes$-or a series of
anodizations carried out at several constant current densities, the
conditions were varied in order to determine the relationship be-
tween the waveform employed, the final anodizing potential, the
current density, the film morphology, and the film thickness. It was
observed that, with an increase in the anodizing voltage, larger and
more frequent sparks, arising from the dielectric breakdown of the
barrier film, were seen, correlating with the increase of the outer
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Table Il. Pore size, surface porosity, and oxide film thickness as a function of anodizing conditions at 10 nfékn? using waveforms A and B.

Final voltage, Porous
Anodizing and current Pore Porosity layer Barrier oxide

Sample waveform density diameter (percent of thickness thickness
no. and times (V, mA/cn) (pm) surface (pm) (pm)

1 B, 5 min 286, 10 0.4-1.0 15 35 0.55
2 B, 10 min 318, 10 0.6-1.4 18 5.4 0.60
3 B, 15 min 354, 10 0.6-2.0 20 9.4 0.65
4 A, 5, 15 min 322,05 0.6-1.4 20 6.4 0.6

5 A, 10, 50 min 372,05 0.6-4.5 25 9.7 0.7

film pore size. This is in agreement with what has been reportedAlso, the small pores were larger in diameter for films formed at

for Mg oxide film growth using high dc voltage anodization meth- high vs. low current densities.

ods in basic aluminate solution$. After 7 min at 30 mA/cri (waveform B, samples 2 and 3 in
Table 1l shows the anodization conditions employed and the filmTaple 111), a second type of pore, having a substantially larger diam-

properties obtained from the SEM analysis of a series of oxide filmseter, was seen. Interestingly, once the larger pores developed, the

formed at WE43 at 10 mA/cfnUnder all conditions at 10 mA/Cin  ymber of small pores decreased, from occupying 28% of the sur-

only what we have classified as small pores, were formed, generally, e area after 5 min to 16% after 10 min, while the number of large

ranging from 0.5 to Zum in diam. For films formed using waveform ores increased from 5 to 8% of the surface after 10 min. The total

B, the diameter of th_e pores on the surfacg, the surfac&_a porosity an urface porosity remained relatively constant with anodization time
the porous and barrier layer thickness all increased with increasin

anodization time(and hence with increasing final voltagest 10 %smg waveform B at 30 mA/cn L .
mA/cn?. When waveform A was employed, as shown in for samples _As shown in Table Ill, when the anodization was carried out
4 and 5 in Table II, the voltage continued to increase during the 154Sing waveform A at 30 "_‘A/_Cﬁﬂ the small pores were larger
min of current decaye.g, from 286 V after the initial 5 min at than for films formed for similar time periods by yvaveform B.
constant currenfwaveform B, sample)lto 322 V (sample 4. Dur- However, as the larger pores formed after longer times of current
ing the period of current decay, both the porous and barrier layeidecay (at higher voltages the fraction of the surface covered by
thickness, as well as the pore diameter and surface porosity, inthe smaller pores dropped, from 24% at 385 V to 12% at 408 V.
creased further. That was probably caused by the increase in voltag@terestingly, the size of both the smaller and larger pores remained
when the current density decayed from 10 mAfah 5 min to 0.5 close to constant, independent of the final voltage when using wave-
mA/cn? after a total of 20 min. form A.

For samples 2waveform B vs.5 (waveform A in Table II, both It was observed during the anodization of WE43 that the fre-
anodized at 10 mA/cfy the voltage increased from 318 V after 10 quency and size of the sparks decreased when a period of current
min to_372 V after 50 additional min of current decay, to 0.5 decay(waveform A was allowed. As was the case for the films

mA/cn. With this increase of voltage, the average pore size andiormed at 10 mA/crin Table II, the voltage continued to increase
surface porosity both increased, along with the porous and barriegiing the period of current decay for the films formed at 30
layer thickness. The increasing pore size with time of current decay,

. “CmA/ecm? in Table Ill. During the decay period, the porous and bar-
mally be correlated with the fewer, but larger, sparks seen at hlghetrier film thickness both ir?creased s%r?‘lewhat anF()j the number of
voltages. ,

Table 11l shows the analogous data to that in Table Il but for the large poregporosity al_so incree}sed. However, the number of small
anodization of WE43 at the higher current density of 30 m&jcm Pores decreased, while the diameter of both the small and large
again using both waveforms A and B. It can be seen in Table Ill that,POres remained aimost constant. The change in the number of small
when using waveform B, a voltage of 360 V was required after 5and large pores was likely correlatgd to the number. of small and
min (t), 396 V after 7 min {,), and 405 V after 10 mint{) to large sparks, respectively, seen during the decay period.
maintain a constant current density of 30 mAfcrihese voltages The relationship between the final total anodizing voltéige
are all higher than required at 10 mA/gnas expected. With the both waveforms A and Band the porous and barrier film thickness
increase of anodizing time and voltage, both the porous and barrieis shown in Fig. 7. In Fig. 7a, it can be seen that the relationship
layers became thicker. Notably, the porosity on the surface seen aftdretween the thickness of the porous film formed using either wave-
5 min of anodization, 28%, was much greater than the 15% seen dorm A (squares or B (circles and the final voltage was linear.
lower current densitie§Table 1l) under otherwise similar conditions. However, the line did not pass through the origin and xhaxis

Table Ill. Pore size, surface porosity, and oxide film thickness as a function of anodizing conditions at 30 niém? using waveforms A and B.

Porosity,
Final voltage, Small and small and Porous Barrier
Anodizing and current large pore large pores layer oxide
Sample waveform density diameter (percent of thickness thickness
no. time (V, mA/cr?) (pm) surface (pm) (pm)
1 B, 5 min 360, 30 0.4-2.6 28,0 8.2 0.80
2 B, 7 min 396, 30 0.5-2, 10-15 20,5 13.0 0.90
3 B, 10 min 405, 30 0.5-3, 8-15 16, 8 15.0 0.95
4 A, 5,5 min 385, 10 0.8-3.6 24,0 8.3 0.7
5 A, 7, 13 min 408, 4 0.6-4, 12-15 12,0 15.0 0.95
6 A, 10, 20 min 422, 20 0.5-2, 6-15 5, 14 18.0 1.0
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Figure 7. Oxide film thicknesws.final anodization voltage for films formed
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Figure 8. (Solid line) Experimental anddashed lingsimulated RBS spectra
of oxide film formed at WE43 alloy by anodizing at 30 mA/&msing (a)
waveform A for 5, 35 min, andb) waveform B for 5 min.

independent of the anodization current density and the waveform
employed.

In Fig. 7b, a plot of only the barrier film thickness.the applied
voltage also reveals a linear relationship. The slope yields an anod-
izing ratio of ca. 2.0 nm/V, independent of the current density and
the type of waveform employe@vaveform A squares, waveform B
circles. The plot goes through the origin, demonstrating that the
barrier film properties did not vary with applied voltage. This barrier
film anodizing ratio was somewhat higher than that obtained for Al
oxide films, formed by dc anodization in sulfuric acid or neutral
solutions,i.e., 1.5-1.7 nm/\?® but was close enough to these values
to suggest that the barrier film was a poor ionic conductor and that it
was thickened by a field-assisted procgs€

Composition of oxide film formed at WE43The RBS spectra of
two films, one formed at 30 mA/chtwaveform B for 5 min to 385
V and a second at 30 mA/cnfior 5, 35 min, finally reaching 390 V
using waveform A, are shown in Fig. 8. The results show the pres-
ence of fluorine and silicon in both films. The incorporation of fluo-
rine decreased with increasing final voltage and time using wave-
form A, in contrast to the silicon content. The concentration of

intercept isca. 250 V (dc plus ag, suggesting that significant porous magnesium remained the same in both films, independent of the
oxide film formation did not initiate until a voltage greater than this formation conditions. As the final voltage and anodization time in-
is applied. Then, the growth rate of the porous film was 70 nm/V, creased, and using waveform A, the concentration of potassium in
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Table IV. Atomic concentration of elements in anodic oxide films Therefore, the ‘Forrosion resistance of the anodjzed WE43 SPeCi'
at WE43. mens was determined in 0.86 M NaCl as a function of immersion
time using the ac impedance technique. Figure 9 shows a typical set
) F Mg Si K Y Nd of impedance data, in both the Nyquist and Bode representations, for
— a type A(Fig. 93 and a type B(Fig. 9b film, both formed at 30
E::m %a gg; ?:g g:g i(l):g (1):87 8‘_3 8'&‘; mA/cn?, but differing by the period of current decay permitted for
Substrate 995 03 o011 the type Afilm. The impedance data shown in Fig. 9a and b were
collected at the OCP after 24 h of immersion in 0.86 M NaCl. These
Films 1 and 2 were formed at 30 mA/&mnr 5, 35 min(waveform A were then best-fitted using an equivalent cir¢sée insert of Fig. P
and for 5 min(waveform B, until a voltage of 390 and 385 V, consisting of two(R-CPB components in series with the solution
respectively, was reached. resistanceR,, between the WE43 electrode and the reference elec-

trode. HereRis a film or reaction resistance and a CPE is a constant
o ) ) phase element, which reflects the dispersion of a capacitive element
the oxide films increased as well. However, no sodium was detecteqe.gq the film dielectric capacitanteround a central valué:32
in the oxide film using RBS, even though sodium silicate was used Both the experimental data and the calculated overlays, based on
in the anodizing bath. o a best fit to this equivalent circuit, are shown in Fig. 9. The corro-
Th”e]zcor_nposmon of several oxide films formed at WE43 at 30 gjon resistance of the ac/dc anodized WE43 could then be deter-
mA/cnt” using both waveforms A and B is shown in Table IV. If Mg nineq from the sum oR, andR,, found to be similar to the resis-
was present primarily as MgO and MgFthen the amount of re-  ance obtained if a single time constant equivalent circuit was used,
maining oxygen was consistent with the presence of,SiOthe  55R  andR, in the two-time equivalent circuit for impedance data
film. The incorporation of silicon during anodization likely arose by fiting |ikely represent the resistance of inner barrier and outer po-
the deposition of colloidal silica. This may form during anodization o5 jayer, respectivef{? Figure 10 shows the corrosion resistance
by the acidification of the solution near the alloy surface, accordlng(Rl + R,) as a function of immersion time for a series of oxide

to Reactions 1 and 2 films formed at 30 mA/crhusing the type B waveform for 5 and 10

Mg + 2 OH = Mg(OH), + 2e" [1] min, and using the type A waveform, as follows: 5, 5 min; 7, 13 min;
and 10, 20 min. The sample number, the thickness of both the over-
40H =2 H,0+ O, + 4e" [2] lying porous and the inner barrier oxide film, the average pore di-

ameter, and the surface porosity of each film are given in Table IlI.
The local acidity generated, in turn, results in the formation of silica, ~ Figure 10 shows that the corrosion resistance changed with time,

which is then incorporated into the oxide film and that three regimes can be identified. In the first 3 h, the corro-
. ) sion resistance decreased very rapidly with time. In the next ap-

Si0*” + 4H" = Si(OH), (3] proximately 10 h, the corrosion resistance increased, reaching a
SI(OH), + SI(OH), + ... = (XSIO, - YH,0) [4] peak, and then the resistance dropped again in the third phase, until

the oxide film failed and pitting was sedor the corrosion resis-
) o ) ) tance suddenly decreased<d 0,000()). A more rigorous analysis
In any fluoride-containing solution, the formation of MgBc- of the mechanism of film breakdown, in relation to these three time
curs, along with Mg(OH).?**°In our case, the presence of fluorine periods, will be presented in a later paper.
in the oxide film was the result of the reaction between fluoride and  As can be seen from Fig. 10, the general trend is that the shorter

Mg ions in the film. The increase in the local temperature due toanodizing times led to earlier failure, as expected. The poorest film
sparking will also accelerate the growth rate of MgFY and Nd  (sample 1 was formed at 30 mA/cffor only 5 min, although the
were also present in the oxide film, likely in combination with oxy- additional period of time of current decg$ min) for sample 4
gen. clearly provided additional benefits. Table 11l shows that the latter
Based on the relative contents of each element in the oxide filmgilm had a thicker porous and barrier film, and a lower surface po-
in Table IV, the possible composition of the oxide film was rosity. The two films formed on samples 3 and 5 in Tableild, in
Mg(OH),, MgO, MgF,, SiO, and a small amount of §SiO,, as 10 min (waveform B and 7, 3 min(waveform A), respectively,
well as Y and Nd oxide. The molar ratio of Mg(O)MgO, MgF,, exhibit the highest corrosion resistance after 60 h of immersion in
SiO, would then be 9.5:14:3.5:10 for the oxide film formed at a final the NaCl solution. In the first 20 h, the film formed at sample 5 in 7,
voltage of 385 V(waveform B, and 8:16:3:11 for the film formed 13 min (waveform A has a similar corrosion resistance to the film
up to 390 V(waveform A. The increase in the MgO concentration formed at sample 3,e., formed in 10 min(waveform B. However,
and the decrease of Mg(OK)from the above analysiswith in- the former has a much higher resistance than the latter at immersion
creasing final voltage and anodizing time demonstrated the transitimes between 20 and 60 h, even though both films experienced the
tion of Mg(OH), to MgO in the oxide film. As the barrier film was Same final anodization voltage. Therefore, the films formed using
shown above to remain the same under all anodization conditionsWaveform A did exhibit a higher corrosion resistance, overall. No-
likely as MgO, this suggests that the outer porous oxide film wastably, both of these films, formed to a very similar final voltage, had
initially Mg(OH),, which then decomposed to MgO. The increase & Similar porous and barrier film thickness and similar pore diam-
in the SIG, concentration and the decrease in the Mgbncentra- eters(TabIe.III). The difference in the corrosion re5|stfince between
tion with increasing final anodization voltage and time suggests arf1€S€ o films was probably caused by the small difference in the

increasing incorporation of colloidal silica under these conditions. total nu_mber of both the small and large pofssrface porosity as
shown in Table Ill. Sample 5 had fewer small pores but a greater

Correlation of corrosion resistance with oxide film properties number of large pores than did sample 3. However, the total porosity
The purpose of forming an oxide film on the WEA43 alloy surface of sample 5 was slightly less than that of sample 3.
was to provide it with improved corrosion protection. As seen It can also be seen in Fig. 10 that the oxide film formed at 30
from the above results and from the literatdté® a thick, but mA/cn? in 10, 20 min(sample 6 in Table I)lhad a lower corrosion
porous, oxide film, overlying an intact barrier oxide film, can be resistance than that formed at 30 mAfcfar 7, 13 min(sample 5,
formed on the alloy by ac/dc anodization in an alkaline silicate Table Ill), even though the former film had a thicker porous and
based bath. The properties of both of these oxide layers have bedparrier film than the latter. As shown in Table Ill, the total surface
shown above to depend strongly on the anodization conditions emporosity of sample 6 was lower than that of sample 5, due to the
ployed, e.g, the waveform, anodizing current, final voltage, and significant decrease in the number of small pores. However, a
anodization time. greater number of large pores were seen for sample 6, from 10% of
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the surface for sample 5 to 14% for sample 6. The SEM image ofof time, followed by a period of time of decreasing current, while in
sample 6(Fig. 69 also shows the presence of a few cracks aroundwaveform B, the current density was kept constant throughout the
the large pores, both factors likely leading to its earlier failure dur- anodization process. The oxide films thus formed were all composed
ing corrosion testing. of an underlying barrier layer and a thick porous oxide film, the
Therefore, the improvement in the corrosion resistance- whichlatter sometimes seen to be composed of two layers. The outermost
could be achieved by increasing the oxide film thickness by usingof these two layers appeared to contain larger pores than the inter-
higher anodization voltages- was limited by the fact that large poresmediate layer, and the pores were interconnected, but did not pen-
with associated film cracking, also developed, likely due to the gen-etrate the inner barrier film.
eration of large and frequent sparks under these conditions. There- For either waveform employed, at low anodization current den-
fore, the correlation between the corrosion resistance and the totaities (e.g, 10 mA/cnf), only small poreg0.5 to 4 um in diam
oxide film thickness, including the barrier film thickness, was com- were formed, while at 30 mA/cfnboth small and largé€5-15 um
plicated when large porggbove 6um in diam were formed, and  diam) pores were observed, likely related to the size of the sparks
when the smaller pores were partially sealed during anodizationseen visually. Longer times of anodization at 10 mA@aused the
Further, oxide films formed at lower voltagés;., those which did  small pores to become somewhat larger in diameter and in number.
not contain any of the larger pores and which had a barrier filmAt 30 mA/cn?, while the small pores also became a little larger with
thickness less than 0.90m, exhibited a corrosion resistance which longer anodization times, they decreased in number as they were
seemed to be primarily proportional to the barrier film thickness. sealed, especially above 400 V, being replaced by the larger pores,
which increased in number. However, in both cases, the higher volt-
ages reached at longer times also caused both the barrier and over-
Two types of waveforms were employed in the ac/dc anodizationlying porous films to thicken substantially and cracks to develop
of the WEA43 alloy in an alkaline silicate solution. In both cases, anaround the large pores.
anodizing voltage o€a. 190 V was applied initially. In waveform A, The thickness of the barrier film depended linearly on the final
the desired constant current density was then maintained for a periodoltage employed, yielding an anodization ratio of 2 nm/V. The

Conclusions
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under those conditions. Oxide films of the same thickness, formed at
WE43 using waveform A, did exhibit a slightly higher corrosion
resistance overall, likely due to the fewer number of small pores
present than for films formed using waveform B.
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barrier film appeared to have the same properties under all anodiza

tion conditions employed. In contrast, the porous film thickened at a
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The corrosion resistance of these anodized specimens was ge#é.

erally seen to be highest for films formed at higher voltagesger

times, higher currentsThis demonstrates that the increasing thick- g’
ness of both the barrier and porous layers achieved outweighed the.
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