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Positron Annihilation Spectroscopy Study of Interfacial Defects
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Positron annihilation spectroscogPAS) measurements were carried out to characterize open-volume defects associated with
anodic oxidation of aluminum. The annihilation fractions with low and high momentum eledi8asd W spectral lineshape
parameters, respectivelgf the annihilation photopeak were determined, as a function of the positron beam energy. A subsurface
defect layer, containing nanometer-scale voids in the metal near the metal/oxide film interface, was found after oxide growth, and
was shown to contain new voids created by anodizing. Such interfacial voids in the metal are of interest because of their possible
role as corrosion initiation sites. Tt8parameter characterizing the defect-containing laggy (vas obtained by simulation of the
S-energy profiles. On samples with two different surface conditi§npsemained constant at its initial value during anodizing.
BecauseS; is related to the void volume fraction in the interfacial metallic layer containing the voids, that result suggests that
formation of metallic voids, and their subsequent incorporation into the growing oxide layer, occurred repeatedly at specific
favored sites.
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Identification of the sites on metal surfaces where pits form dur-incorporating roles for surface impurities would be consistent with
ing corrosion or etching would lead to enhanced control over thesghe important effect of impurities on the number and distribution of
processes. On pure metals, such defects as dislocations, microsegiits resulting from anodic etching.
gated impurities, and flaws in the surface oxide film, have been The possibilities of randoms. surface defect-mediated void for-
suggested as pit precursor sites, although in general, conclusive supiation cannot be readily distinguished in studies of dissolution

porting evidence has not been obtaifeositron-based techniques treatments. The nature and distribution of any surface defects would
are sensitive to atomic-scale open-volume defects in s¥fidmd be expected to be determined by the sample surface condition; how-

: : : : ... ever, substantial changes of both surface composition and topogra-

e ey Accompan cssluton. T composion changes recue o n
; . ; . ccumulation of noble impurities at the metal/oxide interface as the

measurements to char_acterlzg corrospnfrel_ated defects in aluminuy , inum atoms are dissolvé@3In the present study, the forma-
foils. Doppler-broadening positron annihilation spectroscp4S) tion of interfacial voids during anodic oxidation of aluminum was
of nanometers of the oxide film/metal interfft&These voids were during film growth was controlled, and could be kept very small
shown to be created by dissolution treatments which are also used teompared to that experienced in typical dissolution processes. In this
enhance the number of pits formed by etching aluminum for capaci-case, changes of surface composition and topography accompanying
tor applications. The measurements indicated that the metallic suranodic oxidation would not be significant. PAS results after anodic
face of the voids is free of oxide, and hence would be highly reac-oxidation were obtained for two samples with different surface con-
tive if exposed during uniform corrosion. Atomic force microscopy ditions: as-annealed and caustic-treated. These samples had dis-

(AFM) was used to demonstrate a correspondence between interfalnctly different interfacial void distributions prior to oxidatidriThe
cial voids and corrosion pits formed upon anodic etching in 1 M goal was to explore how the surface condition influences formation

HCI. It was therefore hypothesized that interfacial voids serve as®f Voids.

sites for initiation of etching or corrosion pits on aluminum.

If in fact interfacial voids in the aluminum metal act as corrosion Experimental
Initiation sites, _fundamental understanc_img of v0|d_ formation may The aluminum foils used in this work were manufactured for use
lead _to strateg|e§ for contr_ol of corrosion or etching processes. An aluminum electrolytic capacitordoyo). The foils were 10Qm
possible mechanism of void formation is agglomeration of metalnick with a typical grain size of 109m, and their nominal purity
vacancies injected into the metal when aluminum atoms are OXiyas 99.98%. The large grain size is due to extensive annealing after
dized. Previous work has established that voids are created by @ylling, e.g., for 5-6 h at 600°¢* Impurities include Cr, Cu, Fe, Ga,
variety of dissolution processes, during which such oxidation occursvig, Si, and zZn with bulk concentrations of order 10 wt ppm.
continuously, and is followed by ejection of metal ions from the  PAS measurements were carried out on two types of anodized
oxide film into solutior?® Voids are also present in as-annealed samples: as-received aluminum foil, and foil treated in NaOH. Caus-
samples, in which they may result from high temperature oxidationtic treatment was carried out by immersion of foils in aqueous 1 N
during annealing. Vacancy injection by high temperature corrosionNaOH solution for 15 min at room temperature, after which they
has been established, at least in studies of afldf&ecause oxida- ~were washed thoroughly with deioniz¢Dl) water. Anodic oxida-
tion occurs uniformly, this mechanism may suggest that voidstion pf the pretreated samples was carried out in a borate byffer
should form at random locations along the surface. On the othegolution (pH 8.5-8.7)at room temperature, at a constant applied

hand, other mechanisms may be possible in which the local compoSurrent density of 2.5 mA/cfn The current source was a
sition or topography play a role in void formation. Mechanisms PotentiostatgalvanostdEG&G PAR-273), and the counter elec-
trode was a Pt wire. Anodic oxidation continued until attaining volt-

ages of 27, 53, 80, and 106 V, as measured between the Al sample
and the counter electrode. After anodizing, the samples were rinsed

", Electrochemical Society Active Member. __thoroughly with DI water. Chemical stripping of the anodic oxide
Present address: Department of Electrical, Computer and Systems Engmeennq:iI lished by i . for 1 min i |
Rensselaer Polytechnic Institute, Troy, NY 12180. ilm was accomplished by immersion for 1 min in an aqueous solu-

Z E-mail: krhebert@iastate.edu tion of 2% CrQ, and 5% HPO, at 85°C.
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Figure 2. S-energy profiles of 15 min NaOH-treated aluminum foils after

Figure 1. S-energy profiles of as-received aluminum foils after anodic oxi- anodic oxidation at 2.5 mA/cfrto the indicated cell potentials. Solid lines
dation at 2.5 mA/crhto the indicated cell potentials. Solid lines are fitted by are fitted by simulation.
simulation.

Positron measurements were conducted in a vacuum system at Zn = —Eéf’ (1]
107 Torr. The positrons were emitted from?aNa source; after
passing through an energy monochromator they are implanted o ) ) o 5
within the sample to an energy-dependent mean depth. At each beakherezy is in nm, E; in keV, andp is the density in g/crh” The
energy, a Doppler-broadened gamma radiation spectrum was medactor 40/pis 14.8 nm for aluminum, and 12.9 nm for anodic alu-
sured using a Ge detector mounted perpendicular to the beam dire€0ina; the top scale in Fig. 1 and 2 is calculated using the density of
tion: each spectrum consisted of abouf pBoton countsS and W a_1|um|num. The_ solid lines in the figures are the results of a s_lmula-
shape parameters of the annihilation photopeak at 511 (kekfe- tion, to be @scussed below. .Further background material on
sponding to the annihilation fraction with low and high momentum S-€nergy profiles may be found in Ref. 7. _
electrons)were calculated by the system software, to within an ac- __All samples have plateaus at low energy with ISwalues of
curacy of 0.001S andW are ratios of specific portions of the pho- 0:91-0.92. The range of energies occupied by these plateaus in-
topeak area to the total photopeak ar@eefers to the central part of ~C'€ases with anodizing voltage, suggesting that the plateaus corre-

the photopeak near the maximum signal at 511 keV,\Ahd ener- spond to Iayerf which grow in thickness with increasing voltage.
gies in the extremes of the photopeak, away from the maximum.Further, these “plateauS values are in agreement with prior mea-

. . . 115 . . .
Annihilation by valence and core electrons, respectively, contributeSUrements of aluminum 0?('(%3’ indicating that the plateaus rep-
resent the anodic oxide film. This assignment is supported by ap-

the portions of the photopeak measured $ynd W. Because the : :
contribution of valence electrons is enhanced near open-volume de2roximate agreement between the depth of the plateaus, as inferred

fects, relatively highS and low W values characterize positron an- from the top scales in Fig. 1 and 2, and the expected thickness/
nihilation in defective regions. The positron diffusion length for Vltage ratio of anodic alumina, 1.3-1.4 V/nfaFor depths beyond
bulk aluminum was found to be 150 rfirglose to that reported for the oxide plateau, there was a maximum on which, for most
single-crystal aluminum samplé&hus, the bulk condition approxi- samples,S was larger than one. The maximum was followed at
mates defect-free aluminum, consistent with the extensive annealing'ghe_r energy by a decay to a value of one corresponding to bulk
and large grain size of these foils. Tieand W parameters were ~ aluminum.

normalized to bulk aluminum values, obtained at beam energies ap- Previously, S maxima at low energy were also found on foils
proaching 20 keV. With this normalizatio®§ and W values in Al with no anodizing treatmerit®1” and were shown to be due to voids

greater and smaller than one, respectively, indicate the presence #} the Al metal near the oxide/aluminum interfalc®in Fig. 1 and 2,

open-volume defects. the absence of cIezS’maxma for the samples with thick fllmg may
PAS measurements of anodically oxidized as-received aluminun'@ve been due to “masking” of the defects by the oxide film, as

samples were carried out at Brookhaven National Laboratory, whilePPposed to the absence of |nterfaC|aI_ defects. _Wlth increasing posi-

those of anodically oxidized caustic-treated samples were done dfon Péam energy, not only the mean implantation depth but also the

Washington State University with similar low energy positron beam depth dispersion of implanted positrons increased. The depth distri-

systems. For the same sample types, larger normafized smaller ~ bution P(2) is well approximated by the Makhov distributfon

W parameters were obtained using the latter system, as a result of 5

the improved energy resolution of its deteddihe comparison 08 P(z) = —Zexq—(z/zo)z] [2]

parameters obtained with the two systems is discussed in greater z

detail in the Results section.

wherez, = 2wz, and the Makhov parametet is set to 2. Ac-
cording to Eq. 1, aE, = 5 keV, the implanted positrons are spread
S-energy profiles.—Figures 1 and 2 sh&#energy profiles for  gver about 100 nm. Thus, a large fraction of positrons at this energy
as-received and NaOH-treated foils, respectively. The data pointghould be implanted inside the lo® oxide and bulk aluminum
are S parameters calculated from individual annihilation spectra phases, attenuating the contribution of any Hijhterfacial defects.

Results and Discussion

measured at particular beam energies. The beam enEgyy( the The masking effect of the anodic film was explored by removing
top axis determines the mean implantation depth of positrags ( the film in a chromic-phosphoric acid oxide stripping solution. Dis-
according to the relation solution of the oxide layer in that solution was not followed by
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Figure 3. Comparison ofS-energy profile of as-received aluminum foil to ) . .
that of as-received foil anodically oxidized to 106 V, and that of as-received Figure 4. Plot of experimentalS and W parameters for aluminum foils
foil anodically oxidized to 106 V and then treated in an oxide stripping treated in NaOH for 15 min and then anodically oxidized to the indicated

solution. potentials. Also shown arg-W data of a foil treated in NaOH for 5 min but
not anodically oxidized.

detectable mass loss due to aluminum corro&idrecause the

chromic ions effectively passivated the metal. Hence, it was considin Fig. 4, data of the anodized samples appear to lie along the same
ered that any interfacial voids in the metal beneath the anodic filmoxide-defect and aluminum-defect line segments defined by the foil
would be retained after stripping. Figure 3 sho8«nergy profiles  with no anodic film. This suggests that the same type of tggh

of an as-received foil before and after formation of a 106 V anodicdefect is found in both kinds of samples, in spite of the absence of
film, and one measured after chemically stripping the film. 8lo high Sdata for the anodized foils. The curvature in the region bridg-
maximum was present in the profile of the sample after anodizing,ing the straight lines is consistent with simultaneous contributions
but stripping produced & peak similar in shape to that of the as- from the oxide, defect and aluminum states. The presence of$igh
received foil. When samples with no anodic film were treated in thedefects in the anodized foils is not completely certain from Fig. 4
stripping solution, no significant changes in tBeenergy profiles  alone, because the defect-aluminum trace is not clearly established.
were found. This is consistent with the previously observed associaOn the other hand, such defects are also supported by the appear-
tion between the growth o peaks and metal dissolutiSif, which ance ofS maxima after oxide strippingFig. 3). A third source of

did not occur at a measurable rate in the stripping bath. Thus, it issvidence for highS defects, from simulations, is discussed below.
considered unlikely that the stripping treatment alone was respon- The interpretation of thé& and W parameters of the interfacial
sible for theS peak. It is more probable that ti&peak after strip-  defect was discussed in other papetghe extreme values of these
ping was due to interfacial defects in the metal beneath the oxidegarameters indicate that the defect is a void of at least 1 nm radius.
layer in the anodized sample, which were masked by the anodidarger defects cannot be distinguished using Doppler-broadening
oxide. This masking effect is considered further below, in the dis- spectroscopy, because tBeand W parameters saturate at about 1
cussion of the simulations. nm, reaching values similar to those of infinite flat metal/vacuum

nterfaces. In fact, a similar higB value was measured on a clean

. S-W plot.—Different types of open-volume defect are aSSOCiatedaluminum surfacé’ Further, the higis and lowW parameters rela-
with particularS and W values. Hence, plots of thé parametews. tive to those of the oxide, and the agreementSofith measure-

theW parameter helped to identify the defects present in samifles. oo o clean aluminum, indicate that the void surface is oxide

Background on the application dB-W plots to the aluminum free. Therefore, the voids may lie along the metal/oxide interface, or

samples is provided in Ref. 7. Figure 4 presents a pl&-w§. Wor within the metal beneath the film. but cannot be full ; ;
) e X , y contained in
the NaOH:-treated foils, which includes all t§edata from Fig. 2, 0 oxide. Because any exposure of a clean aluminum surface to

but does not explicitly show the beam energy. For comparison, datgyater or oxygen would have resulted in a surface oxide film, the

are also presented for a foil which was treated by dissolution in ; : :
. X 5 absence of oxide from the voids shows that they were formed inter-
NaOH for 5 min, but was not anodized. TI®W trace for this nally by a solid-state process near the metal/film interface.

sample was analyzed previoudlyjt may be seen that this trace
consists of two straight line segments, and that much of the data for Simulation of S-energy profiles-The S-energy profiles in Fig. 1
the anodized foils fall along these lines. The lines connect clusters ond 2 were simulated by solving the positron diffusion-annihilation
points which define vertices aB(W) = (1.0,1.0),(0.92, 1.6), and  equation. The simulations were carried out to determine important
(1.07, 0.78). There may be an additional cluster(@®4, 1.45), quantitative characteristics of the samples, such as the defect depth
which is difficult to resolve from the other highV vertex. The maxi-  distribution and the oxide thickness. Simulations were accomplished
mum S regions of the traces for anodized samples do not approactipy numerical integration, using the VEPFIT software applicatfon.
the highSvertex(defined by the foil with no anodic fillmand show  Further details on VEPFIT simulations of aluminum samples are
curvature as they bridge the two straight segments. found in Ref. 7. The samples were modeled as consisting of three
Vertices onS-Woplots are interpreted as states such as phases olayers, each having uniform properties: the anodic oxide film, an
particular kinds of defect3*’ The vertices mentioned above wigh  interfacial defect layer, and bulk aluminum. The simulation fit the
values of 1.0, 1.07, 0.92, and 0.94 would represent aluminum metalparameters characterizing each layer, namely its thickness, charac-
an open-volume defect at the metal/film interface, anodic aluminafteristic S parameter and positron diffusion length. The fit defect
and the oxide surface. For points along straight lines, annihilationlayerSparametefdenotedS, below)corrects the measur&ivalues
occurs only in the two vertex states connected by the lines; curvedor the effects of dispersion of implanted positrofisg. 2), and
regions of the trace suggest contributions from more than two statediffusion of positrons into adjacent layers. Because the oxide and
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Table I. Oxide layer parameters from simulations. ¥ ' ' ' ' ' ]
140 -
Anodizing voltage Oxide S parameter Oxide thickness Voltage/ i ]
% (Se0 (Box, NM) thickness 120 [ b
As-received [ i
27 0.9072 28 1.02 3 100 o Defect Layer (as received) _.
53 0.9124 58 1.10 £ 1
80 0.9129 104 1.30 ¢ ol ]
106 0.9129 141 1.33 £ F ]
NaOH treated § i ]
27 0.9213 27 1.00 E' 60 :' Reacted metal layer ‘_
53 0.9225 58 1.09 3
80 0.9240 102 1.28 i ]
106 0.9236 138 1.30 r i
Defect Layer (NaOH treated) ]
20 -
bulk aluminum have lows parameters compared to the defect layer, o L — ]
these effects tend to reduce the measi8éelow the true value for 0 20 0 60 80 100
the defect layer. On the other hand, the param®j@btained by the Anodizing Potential (V)

simulation is determined only by the type of defects and their con-
centration in the defect layer. The positron diffusion length is the Figure 5. Model defect layer thicknesgs. anodizing potential, for as re-
mean distance positrons diffuse before annihilating or trapping intocelved and NaO.H treated foils. Also shown is the th_lckness of t_he metal layer
defects, and is a decreasing function of the defect concentration. cc_)nverted to oxnde,_c_alculated from the _model oxide layer thickness along
. . . with the molar densities of metal and oxidgable I).

In the VEPFIT simulations, all model parameters were varied
during fitting except the bulk aluminum diffusion length. This pa-
rameter was set to 150 nm, consistent with the diffusion length of
single-crystal aluminurf.The initial estimates of the other model Nnm) was approximately equivalent to the reduction of the initial
parameters were chosen to be physically realistic. Oxide and defediefect layer thicknesgs5 nm). This behavior can be explained by
layer diffusion lengths were set to low values of about 1 nm, as donghe consumption of the pre-existing interfacial defects during oxida-
previously’ The oxide thickness was estimated according to thetion. For the NaOH-treated foilB,,; exceeded the initial defect
typical voltage/thickness ratio of 1.3 nm/V for anodic alumina layer thickness of 25 nm at the potential of 40 V. At this point, the
films,*® and the initial defect layer thickness was set to 15 nm for theinitial defect layer was completely consumed in the formation of
NaOH-treated samples, and 150 nm for the as-received samplexide. However, a defect layer was present at higher voltages, in
These thicknesses are consistent with those of the samples beforghich the defects must have been formed by oxidation itself. Thus,
anodizing’ Since it was shown in Ref. 7 that more thanuin of the results in Fig. 5 for the NaOH-treated sample show that interfa-
metal dissolved in NaOH, the defect layer in the as-received sampleial defects in the Al metal were created by anodic oxidation. The
was completely removed by dissolution; hence, the thinner defectefect layer diffusion lengths obtained by the simulation were on
layer in the treated sample contained new defects introduced byverage 1.1 nm for the as-received foil, and 5.0 nm for the NaOH-
NaOH dissolution. Reference 7 provides a complete discussion ofreated foil. There was no trend in either case with anodizing volt-
the effects of NaOH treatment on interfacial defects. Initial esti- age. These small diffusion lengths relative to that of bulk aluminum
mates of the layeSS parameters were found by inspection of the (150 nm) are consistent with such layers found after dissolution
data. The simulation fits are the solid lines in Fig. 1 and 2, which areprocesse%’.8
seen to closely follow the data. According to Fig. 6 S, of both sample types remained nearly the

Table I shows the parameters of the oxide layer for all simula-same during oxidation. For the as-received &}, was approxi-
tions. The oxideS parameter $,,) was 0.91 for the as-received mately constant at 1.02, while it was about 1.07 for the NaOH-
samples and 0.92 for the NaOH-treated foils. These values are con-
sistent with the low-energy plateaus in Fig. 1 and 2, and with prior
measurements of anodic alumina filis. The oxide diffusion
lengths(not shown)anged from 1.0 to 2.0 nm for the NaOH treated
foil and from 0.3 to 1.0 nm for the as-received foil. These values are
smaller than the diffusion lengths previously measured for alumina
films on intermetallic substraté$.However, the density of amor- ‘ NaOH eated
phous anodic films is significantly smaller compared to these oxides
suggesting that the anodic films should have a larger concentratioi
of trapping sites and hence a smaller diffusion length. The fit film §
thickness B,,) increased with forming voltage, as expected. Table | &
shows that the ratio of the oxide thickness to forming voltage was§g
consistently between 1.0 and 1.3, in reasonable agreement with thz o

oxide thickness/voltage ratio of 1.2-1.4 expected for anodic alumina;g J ]
films.1® The realistic oxide thickness lends support to the VEPFIT : ]
simulation results. 102 = 7

The thickness By) and S parameter §;) of the defect layer,
obtained by VEPFIT, are presented in Fig. 5 and 6. Figure 5 also
shows the thickness of the layer of metal which was reacted to form L ]
the oxide Be). Bmet Was calculated from the oxide thickness ob- B e e &
tained by the simulatiofiTable 1), along with the molar densities of ° % “© % % 10
aluminum in the oxide and in the metal. For the as-received sample,
the increase B¢, With oxide growth approximately parallelled the  Figure 6. Model defect layerS parametervs. anodizing potential, for as
decrease oB,. For example, at 70 V the consumption of me&h received and NaOH treated foils.

1.04 - =

Anadizing Potential (V)

Downloaded on 2014-02-10 to IP 129.186.176.91 address. Redistribution subject to ECS license or copyright; see ecsdl.org/site/terms_use


http://ecsdl.org/site/terms_use
http://ecsdl.org/site/terms_use

B26 Journal of The Electrochemical Socigtys1 (1) B22-B26(2004)

treated sample. As mentioned in the previous section, this lattefrom S-Wplots, S-energy profile measurements after chemical dis-
value is similar to the surfacgvalues for clean Al, suggesting that solution of the anodic films, and simulations &fenergy profiles,
the voids are at least partially in the metal, and are larger than 1 nnthat anodic oxidation resulted in the formation of open-volume de-
in radius?’ For the treated samples with thick anodic films, as dis- fects at the metal/oxide interface. The hi§land lowW parameters
cussed above, th8-energy profiles showed no pronounced peak.of these defects indicated that they were voids of at least nanometer
Nonetheless, the VEPFIT simulation reveals the presence of$igh dimensions, lie wholly or partly within the Al metal, and have me-
defects when corrections for annihilation in the I&woxide and tallic surfaces free of oxide. For the NaOH-treated foil, evidence for
aluminum layers are properly taken into account. Thus, the simuladinterfacial voids continued to appear in measurements, after the
tion provides additional evidence that the defects are voids of largemetal within the pre-existing defect layer had been completely re-
than 1 nm radius in the Al metal, corroborating that from Sw&V acted to form oxide. This result showed that voids are formed during
plot and the oxide stripping experiment. Because data for the asthe process of oxidation. For both types of sample, simulations sug-
received and treated foils fell on the sa®@Ntrace, the defects in  gested that the area concentration of voids did not change apprecia-
the both kinds of sample were voids in the met8), scales approxi-  bly during the growth of the anodic films. This could be explained
mately withfp, the void volume fraction in the defect layer by the repeated formation of voids at specific defect sites during
oxide growth. Thus, void formation may be more complex than
Sy= foSp + (1 - fp)Sg agglomeration of metal vacancies injected by aluminum atom ion-
ization; certain specific features of the site of oxidation may also be

(3]

whereS; is the intrinsicS value of voids(~1.07) and Sg is unity,
the S parameter of defect-free aluminum after normalization. Thus,
the lowerS; of the as-received foil was due to a smalfgy. As
mentioned above, the high&; values of the NaOH-treated foils

required.
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