J. Phys. D: Appl. Phys. 31 (1998) 2083-2090. Printed in the UK PIl: S0022-3727(98)91426-7

The behaviour of ion-implanted
tungsten species during anodic
oxidation of aluminium

J C S Fernandes {, M G S Ferreirat, J C Soares{, C M Jesus g, C
M Rangel ||, P Skeldon g, G E Thompson ¢, X Zhou ¥, H Habazaki *
and K Shimizu *

t Instituto Superior Tecnico, Grupo de Corroséo e Efeitos Ambientais,

Avenida Rovisco Pais, 1096 Lisboa Codex, Portugal

1 Instituto Tecnologico e Nuclear, Estrada Nacional 10, P-2685 Sacavém, Portugal
§ Centro de Fisica Nuclear, Universidade de Lisboa,

Avenida Professore Gama Pinto 2, P-1699 Lisboa, Portugal

|I Instituto Nacional de Engenharia e Technologia Industrial,

Estrada do Paco do Lumiar, 1699 Lisboa Codex, Portugal

€ Corrosion and Protection Centre, University of Manchester Institute of Science
and Technology, PO Box 88, Manchester M60 1QD, UK

* Institute for Materials Research, Tohoku University, 2-1-1 Katahira, Aoba-Ku,
Sendai 980, Japan

* University Chemical Laboratory, Keio University, 4-1-1 Hiyoshi, Yokohama 223,
Japan

Received 9 February 1998, in final form 18 May 1998

Abstract. Amorphous anodic oxide films have been formed at high efficiency on
aluminium implanted with 3.0 x 10%° W ions m~2 in order to study the behaviour of
tungsten during film growth. The initial film is composed mainly of alumina because
the outer layer of aluminium above the main implanted region of the substrate is
oxidized. During this period, tungsten atoms, present in low concentrations in the
aluminium, accumulate in a thin metal layer just beneath the anodic film.
Subsequently, the main tungsten-implanted region is oxidized, with incorporation of
tungsten and aluminium species into the anodic film at the metal—film interface in
proportion to their concentrations in the metal. The incorporated tungsten species
migrate outwards in the anodic film at about 0.34 times the rate of A" ions. After
oxidation of the main tungsten-containing region, more dilute regions of metal
containing about 1 at% W are consumed, with oxidation of aluminium and tungsten
in the presence of a highly tungsten-enriched metal layer. The enrichment is
initially equivalent to 15 + 4 at% W, assuming that the enriched layer is 2 nm thick.
However, later, as the metal-film interface reaches regions of metal containing
about 0.1 at% W, the enriched layer contains significantly more tungsten than is
usual for such dilute metal regions, indicating that tungsten is transported with the
metal-film interface from metal regions of higher prior tungsten concentration as
the film thickens.

1. Introduction species, introduced into the film by ion implantation or
more naturally incorporated into the film at the metal—film
lon implantation has been employed extensively for interface, by formation of the film on an alloy substrate
modifying the surface regions of materials, for alloys in [6] or at the film—electrolyte interface, by transformation
particular to improve resistance to oxidation, corrosion and of electrolyte anions [7], generally migrate outwards or
wear and to increase fatigue life [1]. Furthermore, ion inwards, depending upon their charge.
implantation has facilitated studies of migration of species The behaviour of certain ion-implanted species can
in anodic oxide films, through the use of implanted inert be affected strongly by the preparation of the substrate
gas markers [2] and a relatively wide range of mobile prior to implantation [3]. Implantation directly into a
implanted cations and anions [3]. Such studies have pre-formed anodic oxide film usually results in uniform
demonstrated that amorphous anodic films on high-purity migration of the implanted species during subsequent
metals are developed by migration of the metal cations thickening of the anodic film by re-anodizing [3]. In
and & ions through the oxide film [4,5]. Foreign contrast, implantation into the metal can result in partial
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incorporation of the implanted species into the film during
subsequent anodizing, a significant fraction of the implanted
dose remaining in the metal [3]. The elements that remain
in the metal have oxidation potentials higher than that of
aluminium [3].

Recent work on anodic oxidation of dilute aluminium
alloys has also revealed that alloying elements associatec
with oxides of higher Gibbs free energy of formation per
equivalent than that of alumina are retained within a roughly
2 nm thick alloy layer immediately beneath the anodic film
until the alloy is sufficiently enriched for the oxidation of
the alloying element to occur [8, 9]. Once oxidation of the
alloying element begins, the enriched alloy layer retains
an approximately constant amount of the alloying element
during later film growth.

In the present study, the anodic oxidation of tungsten-
implanted alloy is investigated in order to compare it with
the behaviour of corresponding binary aluminium alloys.
Tungsten was selected due to the existing knowledge of
anodizing of Al-W alloys which, through the combination
of transmission electron microscopy (TEM) and Rutherford
backscattering spectroscopy (RBS), is readily examined
[9, 10].

2. Experimental details

2.1. Specimen preparation

Specimens of high-purity (99.99%) aluminium, of dimen-
sions 50 mnx 10 mmx 1 mm, were electropolished at 20 V
in perchloric acid—ethanol (20:80 by volume) at 278 K.
The specimens were then implanted wittd % 107° W
ions nT2 at 150 keV, using the Danfysik 1090 High Cur-
rent Implanter at the Instituto Tecnologico e Nuclear (ITN),
Sacaem.

The retained dose, measured by RBS after implantation,
was (3.0 + 0.1) x 10?° W atoms n?, indicating that
sputtering during implantation was negligible. The depth
of the maximum concentration of tungsten and the FWHM
of the tungsten distribution, determined by the TRIM
code, were 55 and 30 nm respectively. The estimated
maximum concentration of tungsten was about 16 at%. The
specimens were then anodized at 50 A%nto 100, 150 or
280 V in aqueous 0.1 M ammonium pentaborate electrolyte
at 293 K. Anodic films are formed on Al-W alloys at
approximately 100% efficiency in this electrolyte [9, 10]. A
two-electrode cell, containing 200 ml of stirred electrolyte
and a cylindrical aluminium cathode, was employed for
anodizing, with the current supplied by a Metronix 6912

constant current power source. The current was switched3 1. The voltage
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Figure 1. The voltage—time response for anodizing
electropolished aluminium, implanted with tungsten to a
dose of 3.0 x 102 W atoms m2, at 50 Am=2in 0.1 M
ammonium pentaborate electrolyte at 293 K.

equipped with energy dispersive x-ray (EDX) analysis
facilities. The compositions of specimens were determined
by RBS using a 1.6 MeV beam ai particles supplied
by the 3.1 Van de Graaff accelerator of ITN, Sa&awv
The « particles were detected at 18@sing an annular
silicon surface barrier detector with resolution 18 keV. The
specimen was rotated by 5@ enhance depth resolution.
The data were analysed by the RUMP program [11], with
scaling of the stopping power of oxygen by 0.88 [12].

3. Results

—time response

off immediately the selected voltage had been reached. The
voltage—time response during anodizing was recorded on aThe voltage—time response revealed reproducible features,

chart recorder.

2.2. Examination of specimens

Sections about 10 nm thick at right angles to the specimen’s
surface both of as-implanted and of anodized specimens
were prepared by ultramicrotomy for examination in
a JEOL FX 2000 II transmission electron microscope
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comprising a voltage surge due to the initial air-formed film
at a specimen’s surface, a linear region to about 19 V of
slope about B V s71 and an inflection leading to a region
of initial slope about B8 V s~ at about 30 V, in which
the slope gradually increases with anodizing, approaching
about 21 V s™! at the highest voltage (figure 1). The
slope following the initial voltage surge is similar to that
for anodizing high-purity aluminium. A reduction in slope
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Figure 2. Transmission electron micrographs of ultramicrotomed sections of electropolished aluminium implanted with
tungsten to a dose of 3.0 x 10%° W atoms m~2: (a) as implanted, (b), (c) and (d) anodized at 50 A m~2 to 100, 150 and
280 V respectively in 0.1 M ammonium pentaborate electrolyte at 293 K.
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is anticipated with incorporation of tungsten species into of which is similar in appearance to anodic alumina

the film [10]. (figure 2(b)). The thickness-to-voltage ratio 027 nm V-1
compares with about .2 nm V! for anodizing of
3.2. Transmission electron microscopy high-purity aluminium [13]. A slightly higher value is

anticipated for the ion-implanted material because the
resistivity of tungsten-contaminated alumina is lower. The
innermost 36:3% of the film’s thickness is darker than the

remainder of the film due to incorporation of units of WO

into the alumina structure through anodic oxidation of the
" main tungsten-containing region of the implanted substrate.
The aluminium is enriched in tungsten, compared with

The section of the as-implanted specimen reveals a
continuous dark layer, about 40 nm thick and located about
40 nm beneath the specimen surface, due to the high
concentration of tungsten atoms in this region (figure 2(a)).
The depth of the mid-thickness of the layer, about 60 nm
is in good agreement with the depth of the maximum
concentration of tungsten estimated using the TRIM code, ; ; S
about 55 nm. Similarly the thickness of the layer, about ““de”y'“g metal, in a layer abO_Ut,Z nm thick just beneath
40 nm, is consistent with the estimated FWHM of 30 nm. the anodic film. The metal within about 20 nm of the
Precise agreement with TRIM results is not expected ennched_la_tyer is oc<_:aS|ona_Ily darker th:_;m the main b_ulk of
due to effects of the ion beam on the material and the the @luminium, possibly owing to corrosion of the enriched
qualitative assessment of the tungsten distribution by TEM. layer during ultramicrotomy with relocation of dissolved
The overlying lighter layer, appearing similar to the bulk tungsten species at cathodic sites in surrounding regions of
aluminium, evidently contains less tungsten; this layer metal.
appears to have been damaged during implantation, with ~ The film’s thickness increases to 1693 nm upon
the development of a rough surface and fine cracks. Theanodizing to 150 V, with tungsten species occupying the
distortion of the substrate apparently extends about 40 nminnermost 5@& 3% of the film’s thickness (figure 2(c)). The
beneath the main implanted region, although the distortion thickness-to-voltage ratio, namelylB nm V-1, is similar
at greater depth may be due to sectioning. to that for growth of anodic alumina, which is reasonable
Following anodizing to 100 V, an amorphous anodic insofar as later RBS analysis reveals that tungsten species
film of thickness 12%4 nm is formed, the main part represent only about 5% of the cations in the film. The
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Figure 3. Experimental and simulated (line) RBS spectra for electropolished aluminium implanted with tungsten to a dose of
3.0 x 10%° W atoms m~2: (a) as implanted, (b) anodized at 50 A m~2 to 150 V in 0.1 M ammonium pentaborate electrolyte at
293 K and (c) the distribution of tungsten in the anodic film from (b) (table 1). M/F denotes the metal-film interface.

main tungsten-containing region appears darker than thatmetal layer adjacent to the metal-film interface is similar
in the previous micrograph which is an effect of the to that of the previous specimen.

section’s thickness. The whole of the innermost region With anodizing to 280 V the film’s thickness increases
evidently contains tungsten species, though the gradedto 3384 8 nm, corresponding to a ratio of2ll nm V-1,
contrast suggests that the tungsten concentration decreaseand tungsten species are confined to the innermaost384
towards the metal-film interface. The tungsten-enriched of the film’'s thickness (figure 2(d)). A tungsten-enriched
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20— is possibly due to a lack of flathess of the substrate
M/F over the area of analysis. This manipulation results in
overestimation of the maximum concentration of tungsten
in the main tungsten-containing layer. Using a more
realistic detector resolution of 18 keV, the concentration
of tungsten in the main tungsten-containing layer of film
material is about 13 at% W in a roughly 22 nm thick
layer of film material. The thickness of the inner, tungsten-
containing region is about 51% of the total film thickness
in agreement with the result from TEM. The total amount
of tungsten in the film, namelg2.8+ 0.1) x 10?° W atoms
m~2, indicates that no significant loss of tungsten occurred
during anodizing.
The vyield from tungsten reveals a shoulder on the
lower energy side of the peak which is associated with
| the tungsten-rich metal layer adjacent to the metal—film
0 100 200 interface. The amount of tungsten in the enriched layer
Depth (nm) is estimated to be 1% 4 at%, assuming that the layer is
© 2 nm thick (table 1), equivalent tal.7 & 0.4) x 10° W
atoms nv2.

W/ W+ Al) %
)
T

Figure 3. (Continued)

metal layer is disclosed adjacent to the metal—film interface; 4. Discussion
the film material immediately above the interface reveals no i - -

. . - 4.1. Anodizing of aluminium and aluminium alloys
direct evidence of the presence of tungsten species.

Prior to considering the present results, anodizing of
3.3. Rutherford backscattering spectroscopy aluminium and aluminium alloys is briefly reviewed to

assist interpretation of data. The growth of anodic alumina
The RBS spectra for the as-implanted specimen revealfims on aluminium proceeds by migration of 3l and
the expected yields from tungsten and aluminium nuclei 02~ jons through the alumina with transport numbers of
(figure 3(a)). The main amount of tungsten is buried about ahout 0.4 and 0.6 respectively [2]. Anodizing of dilute
42 nm beneath the aluminium surface and is contained ajyminium alloys is similar to that of aluminium, although
within a layer about 37 nm thick. ~The maximum gjjoying element species are incorporated into the film from
concentration of tungsten in the simulated profile, namely the substrate. The incorporation of such species may be

9.4 at% in a 36.5 nm thick layer (table 1), is reasonably delayed until the alloy region immediately beneath the
consistent with the maximum of about 16 at%, in a thinner fjjy js sufficiently enriched in the alloying element by

layer, from TRIM calculations. The tungsten concentration the njtial growth of an essentially alumina film [9]. For
decreases at greater depths, reaching about 1 at% at aboyhore concentrated alloys, the period of enrichment is either
125 nm. The outer 27 nm of the specimen was assumed tongnexistent or negligible [14]. The presence of alloying
contain oxygen in order to fit the small oxygen peak located gjement species in the anodic film leads to changes in the
upon the yield from aluminium. The oxygen, equivalent to ansport numbers of migrating ions and also in the relative
that in a roughly 6 nm thick alumina film, probably arises migration rates of the alloying element cations and*Al
from redistribution of the oxygen of the air-formed alumina ;o [14]. However, the changes in transport numbers for
film during implantation and re-formation of the film after 5y alloys are pr,obably small due to the similarity of

implantatiqn. o . . the transport numbers for anodic alumina and anodicsWO
Following anodizing to 150 V, the tungsten yield shifts [15]

to lower energies due to the formation of an outer alumina-

rich layer, 93 nm thick (table 1, figure 3(c)), above the main

tungsten-containing region of film material (figure 3(b)). 4.2 Anodizing of tungsten-implanted aluminium

Beneath the region of film of high tungsten concentration,

corresponding to about 16 at% W considering cations The present results reveal features of anodizing of ion-
only, the concentration decreases to about 3 at% W nearimplanted aluminium originally reported by Mackintosh
the metal-film interface. The particular simulation was et al [3]. However, they did not include tungsten or
performed in order to obtain the best fit to the regions consider the mechanism of incorporation of implanted
corresponding to scattering from aluminium and tungsten species into anodic films, which is now shown to be
nuclei near the metal—fiim interface, which required the understandable in terms of the anodizing mechanism of
use of an artificially high detector resolution of 40 keV. Al-W alloys [9].

This high resolution was necessary in order to simulate For incorporation of cation species into an anodic
the apparent non-uniformity of the film'’s thickness, which alumina film at the metal-film interface, the ratio, of
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Table 1. Results of simulations (shown in figure 3) of RBS data of electropolished aluminium implanted with tungsten to a
dose of 3.0 x 102° W atoms m~2, both as-implanted and following anodizing at 50 A m=2 to 150 V in 0.1 M ammonium
pentaborate electrolyte at 293 K. The layers are listed in order starting from the surface of the specimen. The ionic density of
anodic film material is assumed to be the same as that of usual anodic alumina, namely 0.915 x 10%° m~3.

As implanted Anodized to 150 V
Layer Composition (at% W) Thickness (hnm) Composition (at% W) Thickness (nm)
1 AlO3W, g08 26.8 Al, O3 93
0.88 15.2 Al,O3 - 0.370WO0; 25
3 9.40 36.5 Al,O3 - 0.172WO05 18
4 2.60 30.4 Al,O3 - 0.155WO0; 15
5 1.37 15.2 Al,O3 - 0.059WO0, 34
6 0.72 15.2 15.2 2
7 0.47 15.2 0.22 35
8 0.37 15.2 0.20 35
9 0.28 15.2 0.11 30
10 0.11 15.2 0 5000
11 0.10 30.4
12 0.08 30.4
13 0 5000
1.0 rate is in satisfactory agreement with rates of about 0.38

determined from study of anodized Al-W alloys [9, 17].
The delay in incorporation of tungsten species is explained
by considering the depth of implantation of the main dose,
namely about 40 nm, from TEM, beneath the specimen’s
surface. Furthermore, some short period of accumulation
- of tungsten in the metal-enriched layer as the retreating
"“~~.\ metal-film interface enters the region of higher tungsten
v 0-5+ "L\ concentration may be necessary in order to establish the
Sl level of enrichment for oxidation of tungsten to proceed,
i though the main amount is probably achieved when the
outer dilute implanted layer is oxidized. Assuming a ratio
1.2 nm V1 and a Pilling—Bedworth ratio of 1.65, namely
that for formation of alumina of density.B Mg m3 [14],
about 33 nm of metal is oxidized prior to incorporation
of tungsten species into the anodic film, which is in

0.0 L — satisfactory agreement with the thickness of material above
0 0-005 0-01 the main implanted layer indicated by TEM. The estimated
1/v ( v ) voltage at which tungsten species are incorporated into the
film is higher than the inflection voltage in the voltage—time
Figure 4. The ratio of the thickness of the response, which may indicate that the latter is associated

tungsten-containing region of film material to the total film with oxidation of a more damaged, higher resistivity, outer
thickness (r) versus the inverse of the anodizing voltage for ' '

anodizing electropolished aluminium, implanted with layer of the as-implanted material, containing a significant
tungsten to a dose of 3.0 x 102° W atoms m—2, at 50 A m—2 amount of oxygen.
in 0.1 M ammonium pentaborate electrolyte at 293 K. The RBS simulation indicates that there is an average
concentration of about 9 at% W in the main implanted
region, the peak concentration probably approaching
the calculated value of about 16 at% W. For such
concentrations of tungsten in bulk alloys, incorporation of
r = (0.6 4+ 0.4up)[1 — (Vo/ V)] tungsten species into the anodic film proceeds following
anodic oxidation of about 1 nm of alloy. Owing to
in which ug is the migration rate of the incorporated species the slower migration of tungsten species in the anodic
relative to that of At ions, V; is the anodizing voltage at ~ film, relative to that of A" ions, the concentration of
which the species are first incorporated into the film &d  tungsten species in the film is enhanced relative to that
is the final anodizing voltage [9]. The results for the present in the substrate. The expected average concentration of
films indicate that the tungsten species migrate outwards attungsten in the main tungsten-containing layer of film
0.34+0.03 times the rate at which Af ions migrate, witha  material, based on the measured concentration in the main
Vo value of 45+ 4 V (figure 4). Here the low concentration tungsten-containing layer of the as-implanted specimen and
of tungsten in the outer aluminium layer above the main the determined migration rate, is about 12 at% W [9],
region of implantation has been neglected. The migration in satisfactory agreement with the RBS result. Locally

the maximum distance of the incorporated species from the
interface to the total film thickness is given by
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higher concentrations are probably present, for the TRIM benefit may be anticipated for the anodized ion-implanted
code indicates that there is a maximum concentration of specimens, with a dependence upon the thickness of anodic
about 16 at% W in the as-implanted alloy. However, film which affects the level of enrichment of tungsten.

ionic mixing during film growth will reduce the maximum

concentration in the film to less than that estimated from 5. Conclusions

simple theory [18]. Furthermore, peak concentrations are

not resolved by RBS due to the limitation of its depth () The anodic oxidation of aluminium implanted with
resolution. Following the oxidation of the main implanted about 3x 10°° W atoms mi? in ammonium pentaborate
region, the metal—film interface enters a region of metal of electrolyte is consistent with the anodizing behaviour of
much lower tungsten content;3 at% at a depth of about binary Al-W alloys. The initial oxidation proceeds with
80 nm from the original metal surface. This thickness formation of a mainly alumina film containing relatively
of metal is consumed during anodizing to about 110 V. little tungsten as the outer aluminium region above the
Anodic oxidation then proceeds similarly to that of a dilute Main implanted region is oxidized. During this stage,
Al-W alloy, tungsten and aluminium being oxidized at the there is some accumulation of tungsten, which is present in
metal—film interface in the immediately underlying alloy relatively low concentration in the outer aluminium layer,
proportions. The oxidation of the tungsten occurs locally, in @ thin metal layer adjacent to the metalfilm interface.
resulting in fingers of tungsten-rich oxide originating at (ii) Following oxidation of the outer mainly aluminium
the metalfilm interface [9]. The local oxidation has been Metal layer, the main tungsten-implanted region, containing
attributed to the presence of tungsten-rich clusters in the @ average concentration of about 9 at% W, is oxidized
enriched alloy layer [9], which move inwards relative to with mco_rpo_ratlon of aluminium anq tung_sten species |nt(_)
the original metal surface, carried by the retreating alloy— the anodic film. The tungsten species migrate outwards in
film interface. Previous work has revealed similar transport the anodic film at about 0.34 the rate at whict?Alons

of xenon, which has been suggested to be present agmgrgte,_wmch is S|m|Iarto the rate of migration of tungsten
fine bubbles at the metalfilm interface [19]. There is SPECies in anodic films formed on Al-W alloys. ,
probably an adjustment of the enrichment of tungsten as the, (i) Subsequently, the oxidation of the underlying
metal-film interface moves into regions of metal containing |mplant§d regions Of, lesser tungsten conce'ntlratlon ta}(es
less tungsten. However, previous work suggests that the!olace, Wlt.h |nf:0rporat|on of tungsten and alumln!um species
enrichment is relatively high, namely about 20 at% W in into the fllm in the presence of a tungsten-.enrlched metal
a 2 nm thick layer, down to alloy concentrations of about @Y€l containing about 15 at% W assuming a layer of
1 at% W [17]. The ultramicrotomed section of the anodic 2, nm thickness. The degreg of enrl(.:h.ment IS |n|'F|aIIy
film formed to 150 V shows the typical features of an similar to that expegtgd during anodizing OT a dilute
anodized sputter-deposited Al-W alloy containing about AW glloy OT composition equal to that.Of the implanted
1 at% W. Following anodizing to 150 V, about 109 nm of me'FaI immediately benea_th the anodic film. However, the
alloy is consumed, RBS indicating that the metal contains enrichment of the metal is later enhanced greatly relative
about 1-2 at% W at this depth.

to the expected value for the appropriate dilute Al-W
As anodizing progresses, the metal—film interface enters ?‘"OV- indicating that tu_ngsten in the enriched metal layer

more dilute metal regions: at 280 V, about 204 nm of metal is transported inwards into the metal substrate.

has been consumed and the tungsten concentration is about

0.1 at%. Previous work on an alloy of this concentration Acknowledgment

has .shown that IOX|dat|on of tungsten qnd aluminium The authors are gratefud M F daSilva (ITN) for assistance

species proceeds in the presence of an enrichment of abou\tNith RBS measurements.

2.5 at% W in an assumed 2 nm thick alloy layer [17]. The

enrichment is too low to be visible in TEM micrographs. In

contrast, the enriched metal layer is readily discerned for the

tungsten-implanted specimen anodized to 280 V. Clearly [1] Smith F A (ed) 1983lon Implantation for Materials
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