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.M.  Hernández-Lópeza, A.  Němcováb,  X.L.  Zhongb, H.  Liub,  M.A.  Arenasa, S.J.  Haighb,
.G.  Burkeb, P.  Skeldonb,∗, G.E.  Thompsonb

Centro Nacional de Investigaciones Metalúrgicas, CENIM-CSIC, Avda. Gregorio del Amo 8, 28040, Madrid, Spain
School of Materials, The University of Manchester, Manchester M13 9PL, U.K

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 3 April 2014
eceived in revised form 28 May  2014
ccepted 28 May  2014
vailable online 4 June 2014

a  b  s  t  r  a  c  t

Barrier-type,  nanocrystalline  anodic  films  have  been  formed  on  a ZE41  magnesium  alloy  under  a  constant
current  density  of 5 mA  cm−2 in a glycerol/fluoride  electrolyte,  containing  5  vol.%  of  added  water,  at  293  K.
The  films  contain  magnesium,  fluorine  and oxygen  as  the major  species,  and  lower  amounts  of  alloying
element  species.  The  films  grow  at an  efficiency  of  ∼0.8  to 0.9,  with  a formation  ratio  in the  range  of ∼1.2  to
1.4  nm  V−1 at the  matrix  regions  and  with  a  ratio  of ∼1.8 nm  V−1 at Mg-Zn-RE  second  phase.  At  the  former
eywords:
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regions,  rare  earth  species  are  enriched  at the  film  surface  and  zinc  is  enriched  in the alloy.  A carbon-
and  oxygen-rich  band  within  the film  suggests  that  the films  grow  at the  metal/film  and  film/electrolyte
interfaces.

©  2014  The  Authors.  Published  by Elsevier  Ltd. This  is an open  access  article  under  the  CC BY  license
(http://creativecommons.org/licenses/by/3.0/).
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. Introduction

The formation of barrier-type anodic films has been exten-
ively investigated on the valve metals, especially for aluminium,
iobium, tantalum, titanium and zirconium, which have been of
articular fundamental and practical interest [1–6]. These studies
ave shown that oxide films of uniform thickness are formed under

 high electric field. The magnitude of the electric field depends
pon the structure and composition of the oxide and the rate of film
rowth, the latter being dependent exponentially on the electric
eld [7,8]. The films on aluminium, niobium and tantalum are usu-
lly amorphous under most conditions of film growth near room
emperature. The formation of these films involves migration of

etal ions and oxygen ions, with significant contributions to the
onic current of both types of ion, e.g. the transport numbers of Al3+,
b5+ and Ta5+ are ∼0.40, 0.24 and 0.24 respectively [2]. Further, the
uter regions of the oxide films usually contain a low concentration
f species derived from the anions of the electrolyte, such as phos-
hate species for films formed in a phosphate electrolyte [9,10]. In

ontrast, films formed on zirconium are mainly nanocrystalline and
orm largely by migration of O2− ions, with a minor contribution
rom migration of Zr4+ ions [11]. Films formed on titanium show an

∗ Corresponding author. Tel.: +44 161 306 4872; fax: +44 161 306 4826.
E-mail address: p.skeldon@manchester.ac.uk (P. Skeldon).
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intermediate behaviour, undergoing a transition from amorphous
oxide to a mixture of amorphous and crystalline oxide as the film
thickens [4].

Due to the relatively low corrosion resistance of magnesium
alloys in many environments, anodizing treatments can be applied
to provide protection. Several commercial treatments are avail-
able, which usually produce relatively thick, porous coatings under
conditions of dielectric breakdown [12–14]. Barrier-type films
that support high electric fields can also be formed on mag-
nesium [15–22]. Fukada and Matsumoto formed films on AZ91
alloy at low voltage in hydroxide solutions, with and without
added silicate [15]; the films consisted mainly of Mg(OH)2. Ono
et al examined films formed on magnesium at low voltage in a
chromate-fluoride electrolyte [16]. The films were shown to consist
of a barrier layer and porous region and were composed of MgF2
and Mgx+y/2Ox(OH)y. Khaselev et al. [17,18] anodized magnesium
and Mg-Al alloys in a hydroxide-phosphate-fluoride solution, with
and without additions of aluminate, revealing films composed of
MgO  and MgAl2O4. Bonilla et al. employed galvanostatic anodiz-
ing of a Mg-W alloy in an alkaline phosphate electrolyte [19]. The
composition of the films, which formed at efficiencies of 40 to 50%,
was consistent with the presence of mainly hydroxide or oxyhy-

droxide. Moon and Nam suggested addition of fluoride to sodium
hydroxide electrolytes promoted formation of MgF2 and SnF4 in
films formed on Mg-Sn alloys [20]. Latham et al. employed an ionic
liquid for anodizing AZ31 alloy to relatively low voltages, finding

nder the CC BY license (http://creativecommons.org/licenses/by/3.0/).
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he anion and cation components of the ionic liquid incorporated
nto the anodic film [21]. The formation of a film containing MgO,

g(OH)2 and MgF2 species has been shown to follow a high-field
onic conduction model [22].

Despite such studies, much less is known of the details of the
omposition, morphology, structure and growth mechanism of
arrier-type anodic films on magnesium compared with anodic
lms on many other metals. In the present work, employing high-
esolution electron microscopy and ion beam analysis, it is shown
hat barrier-type anodic films of uniform thickness can be formed
n a magnesium alloy using a glycerol/fluoride electrolyte. This
omposition of electrolyte has been used previously to form porous
r nanotubular anodic films on titanium and zirconium [23–25].
he films on magnesium are shown to be fluoride-based and to
hicken with a formation ratio of ∼1.3 nm V−1, which is in the range
ypical for barrier-type anodic oxides on valve metals. The material
elected for the investigation was ZE41 magnesium alloy, a medium
trength casting alloy that contains zinc, rare earths and zirconium.
he alloy is suited to applications in the aerospace, automotive and
lectronic industries. The relatively high zinc content of the alloy
llowed investigation of the possibility that zinc may  be enriched in
he alloy as a consequence of anodizing, which has been observed
reviously in a sputtering-deposited Mg-Zn alloy [26].

. Experimental

ZE41magnesium alloy (nominal composition in wt%: 3.5-5% Zn,
.8-1.7% rare earths (RE), 0.4–1.0% Zr, bal. Mg)  was supplied by
agnesium Elektron Ltd as a cast slab of 2.5 cm thickness. The slab
as cut to provide specimens with dimensions of 2.5 × 2.0 × 1 cm.
ne face of each specimen, of dimensions 2.5 × 2.0 cm,  was

hen ground on silicon carbide papers and polished to a 1 �m
iamond finish. After polishing, the specimens were rinsed in
thanol and dried in a flow of cool air. The specimens were
hen anodized to selected voltages at 5 mA  cm−2 in a glycerol-
ased electrolyte containing 0.35 M ammonium fluoride and 5 vol.%
f added water. A perspex cell was used, with a port near the
ase. Each specimen was clamped against the port, where an
-ring provided a seal with the specimen surface. The working
rea of the specimen, which was defined by the diameter of the
-ring, was 1.54 cm2. The cathode was a platinum wire. The cur-

ent was supplied by a DC constant current source (Metronix
odel 6912) power supply. The cell voltage during anodizing
as recorded using software based on Labview that was devel-

ped in-house. After completion of anodizing, the specimen was
emoved from the cell, rinsed in de-ionized water and dried as
reviously.

Scanning electron microscopy (SEM) was used for investiga-
ion of the alloy microstructure and the surfaces and cross-sections
f the anodic films, employing Zeiss EVO 50 and Zeiss Ultra 55
nstruments operated at 15 and 1.5 kV respectively. Cross-sections
f anodized specimens were prepared for transmission electron
icroscopy (TEM) using a Quanta 3D dual beam focused ion beam

FIB) instrument with the OmniProbe in-situ lift-out technique.
pecimens were coated with platinum to prevent damage during
on beam bombardment. The FIB was operated using a 30 kV ion
eam, with currents of 3-7 nA for rough cutting and 0.1 nA for final
leaning. The resulting thin section was welded onto the wall of

 copper TEM half grid. High resolution TEM imaging and elec-
ron diffraction was performed in an FEI Tecnai F30 (scanning)
ransmission electron microscope (S)TEM instrument operated at

00 kV and equipped with an Oxford Instrument X-Max80 energy-
ispersive X-ray spectroscopy (EDXS) system. High angle annular
ark field (HAADF) STEM imaging was performed using a probe
berration corrected FEI Titan G2 80-200 ChemiSTEMTM (S)TEM
Fig. 1. Backscattered electron scanning electron microscope image showing the
surface of the mechanically polished ZE41 alloy.

instrument, operated at 80 kV, with a convergence angle of 18 mrad
and a HAADF inner angle of 54 mrad. EDXS was performed using
the Titan’s four windowless silicon drift detector EDXS system with
a total collection solid angle of 0.7 srad.

The compositions of anodic films were investigated by Ruther-
ford backscattering spectroscopy (RBS) employing 3.045 MeV 4He+

ions (making use of the resonance in the 16O(�,�0)16O reaction)
supplied by the van de Graff generator at the Centro de Micro-
Análisis de Materiales (CMAM), Madrid. The incident ion beam was
normal to the specimen surface, with scattered ions detected at
165◦. The data were interpreted using SIMNRA software.

Elemental depth profiling of specimens was performed by glow
discharge optical emission spectroscopy (GDOES), using a GD-
Profiler 2 instrument (Horiba Jobin Yvon). The measurements were
made in the continuous mode, using a copper anode of 4 mm
diameter, with an argon pressure of 635 Pa, a power of 35 W and
a flush time 30 s. Light emitted by sputtered species was moni-
tored with a sampling interval of 0.01 s at wavelengths (nm) of
383.829, 481.053, 417.732, 339.198 and 130.217 for magnesium,
zinc, neodymium, zirconium and oxygen respectively.

3. Results

3.1. Alloy microstructure

Fig. 1 shows a backscattered electron scanning electron micro-
scope image of the mechanically-polished surface of the ZE41 alloy
before anodizing. The main features of interest with regard to the
anodizing behaviour are the alloy matrix and Mg-Zn-RE phase
at the grain boundaries, the latter being evident as light regions
in the backscattered electron image. EDX analysis indicated that
the RE consisted mainly of neodymium. It is later shown that a
significantly thicker anodic film is formed above the Mg-Zn-Re
regions than above the matrix. Fine zirconium-rich particles are
also present in localized regions of the matrix. In the literature, the
grain boundary phase has been assigned to Mg7Zn3RE or Mg12RE
(RE = rare earth) and the fine zirconium-rich particles to Zr4Zn or
Zn2Zr3 [27–31].

3.2. Cell voltage-time behaviour

Fig. 2 shows the cell voltage during anodizing of the alloy. After
a surge to ∼47 V, which is mainly due to the resistance of the
electrolyte and of any pre-existing oxide/hydroxide film on the

alloy surface, three regions are evident of approximate gradients
∼4.7 ± 0.2, ∼2.3 ± 0.2 and ∼4.4 ± 0.2 V s−1 lasting for ∼5, 15 and 85 s
respectively, with intermediate short periods of transition. There-
after, the voltage fluctuates when dielectric breakdown begins.



126 J.M. Hernández-López et al. / Electrochimica Acta 138 (2014) 124–131

Fig. 2. Dependence of the cell voltage on anodizing time for ZE41 magnesium alloy
in  0.35 M fluoride/glycerol electrolyte containing 5 vol.% of added water.

Fig. 3. HAADF scanning transmission electron microscope image showing a cross
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Fig. 4. (a) High resolution transmission electron micrograph of the anodic film

−1 −1
ection extracted through the anodic film formed at a matrix region of the ZE41
lloy  anodized to 440 V in 0.35 M fluoride/glycerol electrolyte containing 5 vol.% of
dded water.

ilms for subsequent investigation were formed to 110 and 440 V,
.e. to the end of the second and third regions. The voltage incre-

ents due to film growth were ∼63 and 393 V; the charges passed
n the cell were 0.103 and 0.548 C cm−2 respectively.

.3. Transmission electron microscopy

Fig. 3 presents a HAADF scanning transmission electron micro-
cope image showing the extracted cross-section after anodizing
o 440 V. The region of the section corresponds to the anodic
lm above the alloy matrix. It is later shown that the film is
odified above regions of Mg-Zn-RE second phase. The protective

latinum layer applied during sample preparation is visible as
he brightest band at the top of the image. An anodic film of
hickness ∼570 ± 10 nm,  which has relatively flat alloy/film and

lm/electrolyte interfaces, is revealed beneath the platinum layer.
he formation ratio is ∼1.45 nm V−1. A darker band, ∼50 nm thick,
ies close to the middle of the film. A high-resolution TEM image
f the anodized film is shown in Fig. 4(a). Lattice fringes indicate
formed at a matrix region of the ZE41 alloy anodized to 440 V in 0.35 M fluo-
ride/glycerol electrolyte containing 5 vol.% of added water. (b) Electron diffraction
pattern of the film.

a nanocrystalline structure, which was evident throughout the
film thickness. The nanocrystalline structure was confirmed by
the electron diffraction ring pattern shown in Fig. 4(b), in which
lattice spacings could be identified that are consistent with
MgF2 and MgO.

Fig. 5 shows the results of EDXS spectrum imaging of a second
film cross-section with elemental maps extracted for magnesium,
fluorine, oxygen, carbon and zinc. Magnesium, fluorine and oxy-
gen species are distributed relatively uniformly throughout the film
thickness, with the exception of a central band, of width ≤ 20 nm,
that is depleted in magnesium and fluorine but enriched in oxy-
gen and carbon. A low level of zinc and neodymium was found
in EDX spectra obtained both from the alloy and the anodic film.
However, the small signals could be due to stray scattering within
surrounding material. The map  for neodymium is not shown owing
to the low signals. However, the map  for zinc is displayed due to
the clear presence of an enrichment of zinc beneath the anodic
film that is considered later. The maps indicate a film thickness of

456 ± 10 nm, corresponding to a nm V ratio of 1.16 nm V . The
thickness determined from Fig. 5 is lower than that determined
from Fig. 3, probably due to parallax as a result of the FIB sec-
tion being slightly tilted with respect to the incident electron beam
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ig. 5. Energy-dispersive X-ray spectrum imaging of ZE41 magnesium alloy follow
ater.  Elemental maps have been extracted for (a) Mg;  (b) F; (c) O, (d) C; (e) Zn.

nd/or differing angles of milling during preparation of the two
ections by FIB.

The central band, which is presumed to consist mainly of
arbon-contaminated oxide/hydroxide, is possibly formed on the
lloy either before the commencement of anodizing, i.e. during pol-
shing, subsequent exposure to air and following immersion in the

lectrolyte, or just at the start of anodizing, i.e. before establish-
ent of the main anodic film material, with carbon being due to

ncorporated glycerol. Based on this assumption, the location of
he band suggests that the film has grown by inward migration
odizing to 440 V in 0.35 M fluoride/glycerol electrolyte containing 5 vol.% of added

of anion species, forming the inner film region, and the outward
migration of cation species, forming the outer film region. The ions
may  migrate across the band through paths that isolate islands
of residual oxide/hydroxide, which then remain as immobile con-
stituents of the film. The paths may form if the band is porous or
if a high electric field is required for ionic transport within the ini-

tial material compared with the subsequently formed film material
[2,32,33]. However, with respect to the latter process, such pene-
tration was not observed in anodizing of zirconium covered by a
thin layer of aluminium when nanocrystalline anodic zirconia was
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above the second phase regions compared to ∼50% of the film thick-
ness above the matrix regions. With the exception of the darker
band already discussed, no significant variations in contrast occur
through the film thickness suggesting that the film is of relatively
28 J.M. Hernández-López et al. / Ele

ormed beneath amorphous anodic alumina [34]. Counter migra-
ion of anion and cation species is typical of amorphous anodic
xide films, whereas nanocrystalline oxides usually form mainly
y inward migration of oxygen species [2,11]. Counter migration of
nions and cations may  occur in the present films if the nanocrys-
alline structure transforms to an amorphous structure under the
lectric field imposed by anodizing. However, it is also possible that
onic transport mechanism differs in the fluoride-based films from
hat in the oxide-based films, with anions and cations migrating at
rystallite boundaries.

Fig. 5(e) reveals that an enrichment of zinc is present in the alloy
atrix immediately beneath the anodic film, with the thickness of

he enriched layer being ∼10 nm.  Zinc in solid solution in the alloy is
xpected to enrich in a thin layer of the alloy immediately beneath
he anodic film before it can be oxidized and incorporated into the
nodic film [26]. Enrichment of alloying elements in solid solution
as been observed in dilute aluminium and magnesium alloys. It
ccurs when the Gibbs free energy per equivalent for formation
f the alloying element oxide is less negative than that for forma-
ion of Al2O3 or MgO  [26,35]. Since the present alloy was initially

echanically polished, only a small enrichment exists at the start of
nodizing beneath the relatively thin oxide/hydroxide film on the
urface of the mechanically-polished alloy. The estimated thickness
f the film from later results of RBS was 10 nm.  If a similar thickness
f alloy was oxidized to form the film, an enrichment of zinc of 0.5
o 1 × 1014 atoms cm−2 is predicted, based on a level of zinc in solid
olution between 1 and 2 at.%, which are toward the upper limits on
he concentration of zinc in solid solution. In comparison, a previous
tudy of a Mg-1.4at.%Zn alloy revealed an enrichment of 5.2 × 1015

inc atoms cm−2 beneath a relatively thick anodic film. The initial
nrichment of the present alloy is therefore probably insufficient
or oxidation of the zinc to take place in the early stages of anodiz-
ng. However, further anodizing may  enhance the enrichment to
he critical level that allows the enriched zinc to be oxidized. Other
lloying elements in the ZE41 alloy are either less noble than mag-
esium or of a similar nobility. Hence, no major changes in the
lloy are expected due to the presence of these elements in solid
olution.

.4. Scanning electron microscopy

Fig. 6(a,b) shows high magnification secondary electron scan-
ing electron microscope images of the surfaces of the specimens
nodized to 110 and 440 V respectively. The surface at the lower
oltage, presented in Fig. 6(a)), is of a less uniform appearance, due
o the influence of the alloy microstructure on the formation of a
elatively thin anodic film, later estimated by RBS to be ∼73 nm.
ccasional, small cavities are possibly regions where anodic film
aterial has detached. The surface corresponding to the high volt-

ge appears smoother, with finer surface features of up to a few
ens of nanometres in size, compared with up to several hundred
anometres for anodizing at the lower voltage. The linear feature

n Fig. 6(b) is the result of the film being modified at the boundary
f a Mg-Zn-RE second phase particle.

Fig. 7 shows scanning electron microscope backscattered elec-
ron images of cross-sectional samples prepared by cutting a
pecimen anodized to 440 V with a diamond knife. The specimen
as first coated with a thin layer of platinum, which is visible

n these backscattered electron images as the bright band on the
op surface of the film. The uniformity of the platinum layer indi-
ates that the film was not damaged by the sectioning procedure.
s shown in Fig. 7(a) the film thickness above the matrix regions

as determined as 505 ± 15 nm,  in reasonable agreement with that

hown previously in Figs. 3 and 5, indicating a formation ratio of
.28 nm V−1. The cross section also reveals occasional small second
hase particles within the matrix, which appear as bright regions
Fig. 6. Secondary electron scanning electron microscope images of the surface of
ZE41 magnesium alloy following anodizing to (a) 110 V and (b) 440 V in 0.35 M
fluoride/glycerol electrolyte containing 5 vol.% of added water.

in the backscattered electron image and were found to contain
zinc and zirconium by EDX analysis. In contrast, Fig. 7(b) shows
that above the large Mg-Zn-RE phase regions the film thickness
is increased to 715 ± 10 nm,  corresponding to a formation ratio of
∼1.82 nm V−1. The film appears brighter above the second phase
regions than above the matrix indicating the presence of relatively
heavy alloying element species, likely to be mainly Nd and/or Zn.
A darker band is again observable within the anodized film but
much closer to the surface at a depth of 87 ± 10 nm compared with
252 ± 13 nm above the matrix regions. The former depth corre-
sponds to the band being located at ∼13% of the film thickness
Fig. 7. Backscattered electron scanning electron microscope images of cross-
sections of the ZE41 magnesium alloy following anodizing to 440 V in 0.35 M
fluoride/glycerol electrolyte containing 5 vol.% of added water.
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niform composition. The dark lines in the sections, orientated
pproximately normal to the substrate, are fracture features caused
y the cutting procedure. The damage appears to be greater in the
icinity of the large second phase particles, which are probably
arder than the matrix. The sectioning also caused the film region
bove the darker band feature to detach at some locations, which
ay  explain the cavities observed in SEM image of the film surface

Fig. 6(a)). Such localized detachment may  be initiated at bound-
ries between the matrix and the second phase owing to stresses
enerated by the differing oxidation rates and film thicknesses at
he two regions.

The large Mg-Zn-RE phase modifies the thickness of the anodic
lm due to the significant presence of alloying element species that
re incorporated into the anodic film. The band of oxide/hydroxide
s located closer to the surface than in the film at the matrix regions,

hich may  be due differences in the composition of the film and
he transport numbers of film species at the two  regions. It is also
ossible that ejection of species at the film/electrolyte interface, or
issolution of the film, may  have reduced the thickness of the outer

ayer. Smaller zirconium-zinc-rich second phase particles appear to
e oxidized, with cation species being presents within the inner and
uter regions of the film.

.5. Ion beam analysis

Fig. 8 shows the RBS spectra for the ZE41 alloy before anodizing
nd after anodizing to either 110 or 440 V. The alloy initially shows
he presence of an oxide/hydroxide film that contains 5.1 × 1016

xygen atoms cm−2. The oxygen content suggests a ∼10 nm thick
lm, assuming that the main constituent is MgO and/or Mg(OH)2.
fter anodizing to 110 V, the oxygen and fluorine contents of the
lm were ∼ 1.37 × 1017 and 2.89 × 1017 atoms cm−2, with an atomic
atio of oxygen to fluorine of ∼0.48. The estimated film thickness is
73 nm,  based on the average concentrations of fluorine and oxy-
en in MgF2 and MgO  (6.0875 × 1022 and 5.347 × 1022 atoms cm−3).
he film thickness corresponds to a formation ratio of 1.16 nm V−1.
ollowing anodizing to 440 V, the fluorine and oxygen contents
ncreased to 20.677 × 1017 and 3.791 × 1017 atoms cm−2, corre-
ponding to an atomic ratio of oxygen to fluorine of ∼0.18. The
stimated film thickness of 411 nm suggests a formation ratio of
.05 nm V−1. The formation ratios determined from RBS are in rea-
onable agreement with the results of electron microscopy, given
he uncertainty in the atomic densities of the films and the stop-
ing power of the films for 4He+ ions. The increased atomic ratio of
xygen to fluorine in the film formed to 110 V can be explained
y the greater contribution of the initial carbon-contaminated,
xide/hydroxide material to the film composition.

The yields from zinc, zirconium and rare earth species in the
nodic films partially overlap, preventing an accurate measure
f their concentrations. However, for the thicker film, the yield
rom the neodymium is free of overlap above channel 920, which
orresponds to the outer ∼60% of the film thickness. The data
learly show an enrichment of RE species, presumed to be mainly
eodymium species, in the outer ≤15% of the film thickness. The
BS analysis indicated an atomic ratio of neodymium to magne-
ium in the film region beneath the neodymium-rich surface region
f ∼0.0054, compared with 0.0067 for the bulk alloy, with the ratio
n the enriched region near the film surface increasing by a fac-
or of ∼3. The charges of the cation species, presumed to consist
f Mg2+, Nd3+, Zn2+ and Zr4+ ions, in the films formed to 110 and
40 V were 0.0853 and 0.444 C cm−2 respectively. Since the per-
entages of neodymium, zinc and zirconium species in the films

re relatively low, uncertainties in their concentrations have only

 minor effect on the estimations of the charges of the cations. The
harge of the anions, presumed to be F− and O2− ions, were 0.0901
nd 0.453 C cm−2, in reasonable agreement with the charges of the
Fig. 8. Experimental and simulated (solid line) RBS spectra for ZE41 magnesium
alloy: (a) before anodizing; following anodizing to (b) 110 and (c) 440 V in 0.35 M
fluoride/glycerol electrolyte containing 5 vol.% of added water.

cations. The ratios of the average of the cation and anion charges
to the charges used to form the films indicate efficiencies of film
growth of ∼0.85 and ∼0.82 for anodizing at 110 and 440 V respec-

tively. The efficiency of anodizing suggests (i) the presence of a side
reaction, such as oxygen generation, (ii) loss of film species to the
electrolyte, by ejection of ions from the film, dissolution of the film
or detachment of film or (iii) initial dissolution of the alloy, which is
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ig. 9. GDOES elemental depth profiles for ZE41 magnesium alloy following anodiz-
ng to 440 V in 0.35 M fluoride/glycerol electrolyte containing 5 vol.% of added water.

erminated by the growth of the anodic film. Other work, to be pub-
ished as part of a subsequent study, has indicated that the surface
reatment of the alloy has an important influence on the efficiency.

.6. Glow discharge optical emission spectroscopy

Fig. 9 shows the dependence of the optical emissions from mag-
esium, oxygen, zirconium, neodymium and zinc species on the
ime of sputtering for a specimen anodized to 440 V. It was not
ossible to detect fluorine under the present conditions of analysis,
hich used argon as the sputtering gas. The magnesium, oxygen,

irconium and neodymium species are present throughout the
hickness of the anodic film, with neodymium species appearing
o be enriched near the film surface. The neodymium-rich region
ccupied roughly 10% of the time to sputter through the whole
f the film, which is reasonably consistent with the thickness of
he neodymium-rich region indicated by RBS. The enrichment of
eodymium was  not detected by EDXS analysis owing to the rela-
ively low concentration of neodymium in the film. In amorphous
xides, the migration of cation species derived from alloying ele-
ents of the substrate often correlates with the strength of their
onding with oxygen ions [36,37]. Thus, alloying element species
hat have a metal-oxygen single bond energy lower than that of
he host oxide migrate faster than the cations of the host oxide
nd vice versa. Generally Nd3+ ions appear to migrate faster than

ig. 10. Schematic diagrams of the growth of the anodic film on the matrix regions of th
ayer  that acts as a marker during subsequent growth of the anodic film. (b) Formation of

2− ions. The marker is located near the centre of the anodic film.
imica Acta 138 (2014) 124–131

Mg2+ ions in the present films resulting in the enrichment of the
neodymium near the film surface. Oxygen appeared to be increased
toward the film surface. The signal from zinc revealed a sharp peak
at the anodic film/alloy interface, confirming the enrichment of zinc
evident from TEM. Zirconium also reveals a peak near the film/alloy
interface. The peak is much broader than that for zinc and is located
more deeply in the alloy. It is not possible to identify the precise
reason for the peak, although it is speculatively suggested that it
is related to the oxidation of the second phase, where the film is
thicker than at the matrix regions. The concentration of zinc in the
film was below detection limits.

3.7. Mechanism of film growth

Fig. 10 shows a schematic diagram of the suggested growth
mechanism of the anodic film on the matrix regions of the alloy.
The diagram is based on the findings for the film formed to 440 V.
For the purpose of constructing the diagram, the growth of the film
has been assumed to occur at an efficiency of 0.82, with a forma-
tion ratio of 1.3 nm V−1. The reduced efficiency is assumed to be
due to a side reaction. Hence, only 0.82 of the charge passed is used
in oxidizing the matrix, which is composed mainly of magnesium.
Thus, the film thickness is shown as 1.56 times the thickness of
the layer of oxidized matrix. A lower thickness ratio of 1.28 would
apply should the reduced efficiency be due to dissolution of metal
species. The ratios and the location of the carbon- and oxygen-rich
marker layer suggest a cation transport number between 0.5 to 0.6.
The estimate neglects the influence of the film growth above the
second phase on the current density at the matrix regions. How-
ever, this is expected to have a minor effect given the relatively
small proportion of the anodized area occupied by second phase.
Fig. 10(a) shows the initial condition of the alloy, with a carbon- and
oxygen-rich layer on the surface. For present purposes, the layer
is assumed to act as an immobile marker within the subsequently
formed anodic film, shown in Fig. 10(b). The film grows by outward
migration of Mg2+ ions and inward migration of F− and O2− ions.
The diagram does not include the migration of alloying element
species, which are minor components of the film above the matrix.
Further, barrier anodic films inevitably contain defects associated
with the effects of stresses in the film and with the differences
in film formation above the various microstructural regions of the

alloy [38]. The defects are significant in determining the corrosion
protection of the alloy, since pitting can initiate at such locations.
The corrosion protection provided by the present type of film will
be examined in the future studies of the authors.

e ZE41 magnesium alloy. (a) Initial alloy surface, with a carbon- and oxygen-rich
 the anodic film by outward migration of Mg2+ ions and inward migration of F− and
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J.M. Hernández-López et al. / Ele

. Conclusions

. Barrier-type anodic films can be formed on ZE41 magnesium
alloy under a constant current density of 5 mA cm−2 in a glycerol
electrolyte containing 0.35 mol  dm−3 NH4F and 5 vol.% of added
water at 293 K. The efficiency of film growth is in the range 0.8
to 0.9.

. The film thickness and composition differ between the matrix
and second phase regions of the alloy, with a significantly thicker
film forming over the large Mg-Zn-RE second phase.

. The main components of the film at the matrix regions of the
alloy are magnesium, fluorine and oxygen species; the atomic
ratio of oxygen to fluorine is ∼0.2 for a film formed to 440 V.

. The film at the matrix regions is mainly nanocrystalline and con-
tains MgF2 and MgO. The formation ratio is in the range ∼1.2 to
1.4 nm V−1, compared with ∼1.8 nm V−1 at the Mg-Zn-RE second
phase.

. Alloying element species are present in all regions of the films
formed. The rare-earth species in the film formed above the
matrix regions are enriched in a relatively thin region adjacent
to the film surface. Zinc is enriched in the alloy in a thin layer
immediately beneath the anodic film.

. The presence of a carbon- and oxygen-rich band within the film
suggests that the film forms by migration of cation species out-
ward and anion species inward. The band is close to the middle
of the film at matrix regions, but closer to the film surface at the
Mg-Zn-RE second phase.
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