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A M CROCHEM CAL STUDY OF SURFACE FILMS ON ALUM NUM ALLOY FOILS FOR AEM

P. J. Lee

To realize the full spatial resolution potential of thin-foil microanalysis one must work at

t hi cknesses bel ow 100 nm The thinner the foil the greater the proportion of the signal analyzed
that is generated by the surface layers. Earlier work has shown that STEM EDX anal yses in thin
regions are significantly influenced by such layers.?

The aimof this study has been to investigate the nature of the surface filns produced on
al um num copper and al um numsilver alloys so as to devel op an understanding of the factors
control ling the formation, conposition and thickness of the film and if possible to use this
know edge to overconme its liniting effect on thin-foil mcroanalysis.

Experi ment al

The principal study was carried out on an Al-1.45 at.% Qu all oy produced fromhigh-purity
Al and Qu, age-hardened so that alnost all the Qu was precipitated in the formof 6 (QuA ;).
A-0.59 at.%Qu, Al-1.7 at.%Ag, M-1 at.%Ag, Ti-1.52 at.% Qu, and commercial A -Qu alloys were
al so prepared so as to produce simlar precipitation.

A nunber of el ectropol i shing techniques and conditions were used to prepare thin filns of
these alloys.’ The optimumbath-el ectrol ytes and conditions for the Al-1.45 at.%Qu material s
were found to be a 50%nitric acid, 50% nethanol solution at -20 Cand 20 V or with the
addition of 2%hydrochloric acid (-25 Cand 15 V). After polishing, the foils were imediately
rinsed in cold water or nethanol and repeatedly washed in nethanol and ethanol. Aternative
post pol i shing treatments included washing i n 50% anmoni a sol ution and a nore el aborate
t echni que which used a standard cyanide plating solution as an el ectrolytic etch.

Jet polishing was carried out using 3%perchloric acid (60%, and 32% 2- n- but oxyet hanol and
65% net hanol solutions at -30 Cand 40 V, in both a comercial Tenupol device and a sinple
| abor at ory appar at us.

Al the specimnmens were examned in a Philips EMIOOT TEM STEMwith a single-tilt beryllium
hol der. Energy-di spersive x-ray mcroanalysis was carried out in the STEMnode at 100 kV with
a spot size of approximately 12 nm Convergent-beamel ectron diffraction patterns were used to
calibrate x-ray intensities in terns of foil thickness. Analysis areas were selected in the
matrix away fromgrain boundaries and precipitates. |f the matrix conposition is honogeneous,
the contribution to the neasured x-ray intensities fromthis source should decrease linearly
wi th thickness (providing there are no absorption or fluorescence effects). However, the x-ray
contribution froma uniformsurface | ayer remai ns constant, independent of the foil thickness.
Thus the effect of a surface layer can be observed by anal ysis of the specinen at a range of
foil thicknesses.

Auger el ectron spectroscopy was perforned at the National Physical Laboratories,

Teddi ngton, England. A 5keV prinary el ectron beamwas rastered over an area of 0.01 cnf. The
normal sputtering conditions were 2.5 x 10> T and an accel erating vol tage of 1 kV: the resulting
sputter rate was 0.12 nminin.

Resul ts

X-ray mcroanal ysis in STEMsuggest ed the presence of a uniformand continuous surface
layer, enriched in Qu, on all the electropolished ¢ A-1.45 at.%Qu speci nens. The
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variation in resulting EDX analyses is illustrated in Fig. 1. The error bars correspond to the
95% confidence limts for the neasured intensities. A highly sinplified nodel has been used to
generate concentration levels for varying amounts of Cu enrichnent so as to gauge the nmagnitude
of the surface enrichnent and to ease conparison of different sets of data. The nodel assunes
that the foil is coated with a uniformlayer of pure Qu. It can be seen that the enrichrment is
equi val ent to between one and two atomc |ayers of CQu on each surface and that the enrichnent is
uniformwithin the anal ytical resolution of the probe used.

The o' precipitate spacing was approximately 200 nm conpared with estinated probe sizes of
6 and 12 nm(hence 90% x-ray source dianeters of approxinmately 12 to 22 nm) |t was found that
such probes could be reliably positioned so that anal yses were not influenced by the
precipitates. The Tenupol jet-polished specimens exhibited a | ower |evel of enrichment than
those prepared in polishing baths. Studies using a range of electrolyte fl ow speeds indicated
that the level of enrichnent was between 0.5 and 1 atonmic layers of Qu independent of the flow
rate. Foils polished in a bath with the jet electropolishing solution were enriched to |evels
simlar to those polished with the other solutions

It was found that polishing a high-purity Al specimen in a Qu-rich polishing bath could
al so produce a Qu enrichnment. Therefore further jet polishing was carried out by neans of a
different apparatus that was fed only with clean electrolyte. The results of this experiment
are shown in Fig. 2. The enrichnent level for the 8 foils was sinilar to the best Tenupol -
produced specinens but in the case of the grossly over-aged specimens containing large 6 (QuAl ;)
precipitates (typically 1000 nm spacing), no enrichnent was found

The AES depth profiles (typical profiles are shown in Fig. 3) reveal that the copper
enrichment is localized at the oxide-nmetal interface. Study of the Cu LMM peak norphol ogy
indicates that the Qu is not oxidized but is conbined with the Al.  The chem cal state of the
Qu may have been altered, however, by the baking of the AES vacuum chanber (100 Cfor 4 h). An
attenpt at studying the foils without baklng resulted in the profile shown in Fig. 4 (a). The
background pressure in this case was 10% Torr. The Al is belng continuously oxidized. The CQu
enrichnent was not renmoved until the vacuum was inproved to 10" Torr by baking of the system A
parall el can be drawn here between the 108 Torr case and the fallure of comrercial ion-beam
thinners (which rarely have backing pressure of better than 10°® Torr) to renove surface
enri chment on al unmi numal | oys.

The nitric acid-based chemcal polish was successful in producing foils apparently free of
Qu enrichment. Unfortunately these foils were heavily etched and were ot herwi se unusable. The
phosphori ¢ aci d-based chenical polish produced foils simlar to those obtained by
el ectropol i shi ng.

Variations in the post-polish washing procedure did not reduce the enrichment. The
electrolytic cyanide etch was only partially successful as it was not possible to judge
when the surface Qu had been renmoved and when the specinen itself was being attacked.

STEM EDX analysis of the foils after sputtering in the AES apparatus at high vacuum
gave no indication of surface enrichment

O the other systens studied Al-0.59 at.% CQu produced surface layers simlar to the A -
1.45 at.%Cu, the Al-Ag had a surface enrichment equivalent to 0.5 atomc |ayers of Ag on each
side, and the My-Ag foils were coated with a surface enrichnent equivalent to 1 atomc |ayer of
Ag on each surface. Again, AES revealed that the enrichment was |ocalized at the netal-oxide
interface. However, no enrichment was discovered on the Ti-CQu alloy foils.

Concl usi ons

The mechani sm of el ectropolishing requires the presence of a solid oxide |ayer at the
speci men surface.*! By selective oxidation the el ements with the |ower rates of oxidation (Cu
and Ag) may becone trapped under those which oxidize at a nuch faster rate (Al and My). This
mechani sm may al so be used to explain the enrichnment produced by ion-beamthinning (Fig. 4).
Such a situation occurs for some alloys in dry corrosion,* where there is a large difference in
the oxygen affinity anong the constituents or sufficient difference in the diffusivity of the
constituents through the oxide. Care nust be taken in this conparison, however, as the oxide
layer on a foil being electropolished is produced by an acid rather than a gaseous nedi um and
the thickness of the electropolishing oxide, once it has been forned, renmins constant during
the process. The study of the over-aged specimens (Fig. 2) indicates that the distribution of
the alloying element in the foil is also inportant.
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FIG 1.--Conparison of STEM EDX anal yses

of three electropolishing conditions for
Al-1.45 at.% Cu (6' <condition): (a)
normalized Cu Ka intensity vs A
t hi ckness; (b) atomic % Cu vs Al
t hi ckness.
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FIG 3.--Conbined AES/argon ion sputter

depth profiles of electropolished Al -1.45
at.% Cu (0') foils: (a) bath el ectropolished
in nitric acid and nmethanol solution; (b)
"Tenupol " jet electropolished in nethanol,
but oxyet hanol, and perchloric acid solution.
Estimated profiling rate of 0.12 nninin.
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 on beam bonbardnent in an ul trahi gh-vacuum systemwas the only nethod that produced
enrichment-free o' foils. lon beam bonbardnent itself, however, will produce surface |ayers
that are different in conposition fromthe bul k. The surface layers will beconme enriched in
elements of |ower sputtering rates; in the case of Al-CQu alloys this process should result
inan alumnumrich surface. The Al-Cu alloys used in this study have too high a ratio of
A to CQu for an alumnumrich surface to have a significant effect on the STEMEDX Anal yses.

An alternative to nodifying the preparation process would be to assess the |evel of
enrichnment and make an appropriate correction to the anal yses. Al though this procedure may
be satisfactory for a situation where the underlying conposition is constant, the results
shown in Fig. 2 suggest that |ocal variations in conmposition may alter the conposition of
the surface |ayers
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