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Electropolishing is the most common method of preparing samples of aluminium alloys for scanning and
transmission electron microscopy, as it yields a good surface quality and large flat, electron-transparent areas.
Like many chemical surface treatment procedures, the electropolishing process can create a Cu-rich layer be-
tween the aluminium matrix and the outermost aluminium oxide layer. The Cu layer is shown to be crystalline,
which causes several distinct effects on electron images and diffraction patterns, that can easily be misinterpreted

as originating from features inside the aluminium matrix. The layer is a modified 8’-AlyCu phase, with a semi-
coherent interface with aluminium. A 6’ superstructure suggested in this paper can explain lattice modulations
with a 1 nm spacing that have been observed in the [011]4; zone axis of electropolished specimens. Evidence of
Cu diffusion into the Al matrix was also found. The surface enrichment can also occur in Cu-free aluminium
alloys, as small amounts of Cu can be introduced from outside sources through the electrolyte solution.

1. Introduction

In all forms of electron microscopy and spectroscopy, the surface
quality of the specimen is vital to the success of an experiment. In the
case of high resolution (scanning) transmission electron microscopy ((S)
TEM), some common unwanted surface features are: (i) oxides produced
during specimen preparation or subsequent exposure to air [1,2], (ii)
elemental segregation layers [3,4], (iii) amorphized, or otherwise
damaged layers due to ion beam preparation [5-7], and (iv) hydrocar-
bon or other volatile contamination [8-10]. Typically, (iv) can be
identified through temporal intensity variations and (iii) through spatial
intensity variations. Meanwhile, (i) can be either smooth or rough,
amorphous or (nano-)crystalline, and may have a very different chem-
ical composition from the bulk of the specimen. Similarly, (ii) can be
either randomly distributed or ordered, and compositions of features in
the specimen can be difficult to determine if the whole specimen is
covered in a segregated surface layer.

Smooth, high quality surfaces and thin foils of metallic alloys can be
easily prepared by electropolishing [11-13]. The crystal structures in
the specimen are usually well preserved by the process, except in cases
where phases in the material reacts differently to electropolishing,

causing preferential etching, selective dissolution or rapid oxidation.
The preparation can in principle be done using a simple home-made
setup and does not need expensive equipment such as an ion milling
system. For these reasons, electropolishing is by far the most commonly
used method to prepare thin foils of aluminium alloys for both routine
and high-end (S)TEM investigation of precipitate phases [14-22].

However, electropolished TEM specimens of copper-containing
aluminium alloys are often host to a copper-rich crystalline surface
layer, which is situated below the aluminium oxide [23,24]. A similar
layer is produced by exposure to an acidic or alkaline solution with no
current applied [25]. Such a Cu-rich layer has a subtle electron scat-
tering signature that may lead to false interpretations about properties
of the bulk material.

As will be demonstrated in this paper, a Cu-containing surface layer
can also form while electropolishing a nominally Cu-free alloy with a
methanol/nitric acid mixture. We explore the origin of the Cu layer, the
chemical and structural characteristics of the layer and how it affects
data obtained from transmission electron microscopy and, in particular,
electron diffraction experiments.
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2. Methods

Two alloys were selected for this study: (i) Alloy 1, an Al-Zn-Mg alloy
containing a very low amount of Cu (the lowest amount obtainable in
large volume industrial production). (ii) Alloy 2, an Al-Mg-Si-Cu alloy
containing a moderate amount of Cu for easy observation of the artifacts
introduced in TEM imaging and diffraction. The composition of the al-
loys is shown in Table 1. Alloy 1 was extruded, water cooled and stored
at room temperature for 17 years. Alloy 2 was rolled to a 2 mm plate,
given a solution heat treatment at 550 °C for 5 min, water quenched, and
given a pre-aging treatment at 90 °C for 24 h. Both materials were
produced for the study of clustering during low-temperature aging of
aluminium alloys, which demands a very high specimen quality to
discern subtle clustering and ordering phenomena from images and
diffraction patterns.

2.1. TEM sample preparation

Specimens were mechanically polished to discs of thicknesses around
80 pm and electropolished using a common electrolyte consisting of 1/3
nitric acid in 2/3 methanol, cooled to —25 °C. A Tenupol-5 twin-jet
electropolisher (Struers Inc., Cleveland, OH, USA) was used with an
applied voltage of 20 V. Alloy 1 was electropolished with a brand new
Tenupol-5 unit and a freshly prepared electrolyte for optimum cleanli-
ness. After electropolishing, the specimens were immersed twice in
methanol and twice in ethanol before being left to dry on filter paper.

Cross-sections of electropolished specimens were produced by the
focused ion beam (FIB) lift-out method, using a FEI Helios G4 UX dual-
beam instrument (Thermo Fisher Scientific, Waltham, MA, USA). The
specimens were coated with carbon (electron- and ion-deposited) prior
to FIB lift-out, and the final thinning was done with 2 kV Ga™ ions to
optimize the surface quality.

2.2. Analysis of electrolyte solutions

An electrolyte for TEM specimen preparation is typically reused
several times for many specimens of different alloy compositions. It is
therefore interesting to analyze the chemistry of the electrolyte, as it is
reasonable to assume that elements dissolved into the electrolyte from
one specimen can transfer onto the surface of succeeding specimens. The
electrolyte was prepared with 65% Suprapur® nitric acid and >99.9%
EMSURE® methanol, both supplied by Merck KGaA. 1.5 L of fresh
electrolyte (used to prepare alloy 1) was mixed into a new glass bottle
using a plastic funnel and glass measuring beaker. A sample of 10 ml was
extracted. A corresponding sample was collected from an old electrolyte,
used to prepare a variety of aluminium alloy specimens for 3 months.

The metallic ions dissolved in the electrolytes and their ingredient
chemicals were measured with inductively coupled plasma mass spec-
troscopy (ICPMS) using an Agilent 8800 Triple Quadrupole instrument.
The concentrations were quantified against standards from Inorganic
Ventures and using '°In as an internal standard.

2.3. Surface chemistry of TEM specimens

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) analysis
was performed on an as-prepared TEM sample of alloy 1 using a ‘TRIFT
V nanoTOF’ instrument (Physical Electronics, Chanhassen, MN, USA)

equipped with a 30 kV Ga™ source for analysis and an O3 source for

Table 1
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sputtering. The bunched, primary Ga™ ion beam was scanned over an
area of 100 pm x 100 pm under static conditions (total ion dose < 1 x
10'2 ions/cm?). All ejected positive secondary ions from the surface
were collected for analysis. Since the sample is conductive, no charge
compensation was required. The mass scale of the positive ion spectrum
was calibrated using the Na*, Cu', and Ga' peaks before further
analysis.

For depth profiling an O3 ion beam with 3 keV energy was rastered
over a 600 pm x 600 pm area. Depth profiles of various elements were
obtained at room temperature by alternately recording a mass spectrum
and then sputtering the area for 10 s. The sputtering depth could not be
measured accurately due to the uneven sample surface.

In cases where the bulk concentration of an element was determined
by ICPOES (see Table 1), the relative sensitivity factor (RSF) for these
elements in the Al matrix could be calculated from the ion intensities of
the respective elements. The RSF is a measure for the different ionization
probabilities of different elements in a certain matrix and is needed for
reliable quantitative analysis.

2.4. STEM and EELS

Annular dark-field (ADF)-STEM imaging and spectroscopy were
conducted with a probe/image aberration corrected JEOL ARM-200CF
cold field emission gun microscope (JEOL Ltd., Tokyo, Japan). It was
operated at 200 kV during conventional plan-view imaging, and 80 kV
during imaging of cross-sectional specimens, to limit damage to the
surface layers. The convergence angle of the beam was 27 mrad and the
ADF-STEM collection angles were 67-118 mrad. Electron energy loss
spectroscopy (EELS) was performed with a Gatan image filter (GIF)
Quantum. The outer EELS collection angle was 67 mrad and the
dispersion was 0.4 eV/channel. A power-law background was subtracted
from spectra before core loss edges were integrated to form a depth
profile of elemental concentration.

Diffraction patterns were simulated kinematically using the Crys-
talKit software.

3. Results
3.1. Electrolyte composition

Table 2 gives the measured composition of the electrolyte. All
metallic ions that we expect to find within aluminium alloys, as well as
the common contaminant Ca, have a higher concentration in the old
electrolyte than in the new one. The Al content rises sharply with use of
the electrolyte, as expected, and the 128 mg in the 1.5 L of mixture
corresponds to about 80 full TEM specimen discs (weighing 1.5 mg
each). The electrolyte has been used to prepare hundreds of specimens,
but only a fraction of their volumes was polished away. Some of the
metallic ions may also have agglomerated as small particles in the bot-
tom of the electrolyte container and were therefore not included in
ICPMS measurements. The high amount of Fe in the old electrolyte
probably comes from steel components such as electrical contacts in the
electropolishing unit.

The surprising result here is that the increase in Cu content is not
drastic after usage; the concentration of Cu is high already in the newly
mixed (unused) electrolyte. While the chemicals by themselves did not
contain Cu, after being in contact with a funnel and a measuring beaker,
mixed and stored in a new glass bottle, the amount of Cu in the 1.5 L of

Composition of the alloys in weight%. Alloy 1 was measured by inductively coupled plasma optical emission spectroscopy (ICPOES), while the nominal composition is

given for alloy 2.

Fe Si Mg Mn Cr Cu Zn Ti Zr
Alloy 1 0.165 0.082 1.233 0.004 0.001 0.019 6.92 0.013 0.162
Alloy 2 0.15 0.85 0.70 0.25 - 0.60 - - -




S. Wenner et al.

Materials Characterization 172 (2021) 110846

Table 2

ICPMS measurements of metallic ions in two different electrolyte batches and in the initial ingredients used to prepare the electrolytes. Numbers are in pg/L.
Sample Mg Al Ca Cr Mn Fe Ni Cu Zn
Old electrolyte 1392 85,280 6969 2938 432 11,199 2211 2437 762
Fresh electrolyte 92 336 2155 22 47 190 15 1355 45
Nitric acid 67 68 195 1 0 18 2 1 8
Methanol 17 21 151 6 <5 8 <5 <5 9

mixture was about 2 mg. There is a similar increase of Ca, and slight
increases in all other elements, after mixing.

3.2. Surface chemistry of TEM specimens

ToF-SIMS depth profiling was conducted on TEM specimens of alloy
1. The concentration of alloying elements as function of the sputter time
could be determined quantitatively at each measuring point by using the
calculated RSFs (Fig. 1a). For other detected elements where the bulk
concentration was not determined, relative changes in the amount of an
element as a function of depth are shown by the count ratio between the
element of interest and aluminium (Fig. 1b). For these calculations the
Al; peak intensity was used as matrix value because the Al peak intensity
was very high, which most likely caused detector saturation and thus a
non-linearity in the count rate. The figures show that elements Mg, Si,
Cu, and Ni are enriched near the electropolished surface, with Cu having
the largest relative increase. The common contaminants Ca, Na and CHs
are also present at the surface. Meanwhile, the elements Fe, Zn, Ti and B
are depleted near the surface.

Since the depth profile is averaged over a large, uneven area, the
depth resolution is limited and it is not easy to separate features of the
upper matrix, oxide layer, and deposits on the surface. On the other
hand, the low detection levels allow for measurement of trace elements
such as Ti and B, which are added to the alloy for grain refinement [26].
Glow-discharge optical emission spectroscopy (GD-OES) have been used
to pinpoint the presence of the Cu-rich film below the aluminium oxide
[27,28], at the expense of detection limit and number of measured el-
ements. The composition gradients stabilize after a sputtering time of
about 350 s, presumable corresponding to a few tens of nanometers.

3.3. TEM observations of the Cu-rich layer

Crystalline Cu-rich layers were observed by TEM in both alloys. We
focus on the TEM results from alloy 2 which contains the highest amount
of Cu. Fig. 2 shows ADF-STEM images and electron diffraction patterns

Concentration (at.%)

100 150 200 250 300

Sputtering time (s)

350 400 450

from grains with surface normals parallel to the [001]a; and [011]4;
directions. A few crystallographic features exist that differentiate the
specimen from a perfect aluminium lattice:

1. The forbidden {110} diffraction spots are present in both the Fourier
transform of the ADF-STEM image (Fig. 2b) and the selected-area
diffraction pattern obtained in the [001] projection (Fig. 2c).

2. Four spots, indicated by yellow circles, in Fig. 2c are visible around
the forbidden {110} spots in the diffraction pattern, and sometimes
also visible in the STEM Fourier transform. These are only seen in
early stages of aging, and are associated with Frank-Kasper ordering
during clustering of solute atoms [29,30].

3. Satellite spots around the direct beam and main Al diffraction spots
are seen in both the STEM Fourier transform and diffraction pattern
in the [001] projection, Fig. 2e-f. These indicate a periodicity of

about 1.0 nm along the [OTI] direction, corresponding to 7 times the

(0?2) plane spacing. This phenomenon is visible in the STEM image

as a horizontal intensity modulation. The stripes are not scanning
artifacts, as they appear irrespective of dwell time, image rotation
and magnification.

In order to explain point 3, we prepared cross-sectional FIB lamellae
from the electropolished TEM specimens, originating from the same

grain and oriented along the horizontal (100) planes and vertical (OTI)

planes in Fig. 2d. Point 1 will also be addressed in the FIB-TEM analysis.
Fig. 3 shows STEM images from the bulk region of the two cross-
sectional FIB specimens, to be compared with Fig. 2. The specimen
thicknesses are about 20 nm, as measured by EELS. Bearing in mind that
microscopy parameters are not identical (e.g. the voltage was reduced
from 200 to 80 kV), the image quality is roughly similar for the two
preparation methods. The reason for showing these images is to point
out that the extra diffraction spots mentioned above are not seen in the
bulk of the FIB prepared specimen. They must therefore originate from
features belonging to the surfaces of the electropolished specimen.

o
~

Intensity (arbitrary units)

150

200 250 300
Sputtering time (s)

Fig. 1. ToF-SIMS depth profile from an electropolished specimen of alloy 1. a) Concentration of alloying elements normalized by bulk compositions measured using

ICPOES (Table 1). b) Signal intensity of other elements.
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Fig. 2. TEM results from an electropolished specimen of alloy 2, acquired with 200 kV electrons. a,d) Cutouts from larger ADF-STEM images in the [001] and [011]
projections, respectively. The planes for the FIB prepared cross-sections are indicated. b,e) Corresponding Fourier transforms. c,f) Selected-area diffraction patterns
from the same grains as a,d).

Fig. 3. Cutouts from ADF-STEM images from the FIB specimen of alloy 2, acquired with 80 kV electrons. The imaged areas are approx. 150 nm below the elec-
tropolished surface. a) [100] projection, c) [OTl] projection and b,d) corresponding Fourier transforms. None of the extra diffraction spots observed in Fig. 2

are visible.
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Fig. 4. ADF-STEM images from the cross-section of an electropolished specimen of alloy 2, acquired with 80 kV electrons. The images are projected in the a) [100]

direction and b) [OT]] direction. b,d) show corresponding Fourier transforms.

Moving upwards from the bulk, Fig. 4 shows ADF-STEM images from
the cross-section of the electropolished surface. A bright, crystalline
layer with a thickness of approx. 1.5 nm is apparent below the amor-
phous aluminium oxide at the surface. The Fourier transforms show that
the interface is coherent along the [100]4; direction, but not along the

[OTI]M direction. Since the surface is not completely parallel to the

(011)4; plane, the interface is stepped in the [OTI] N projection, which is

why it appears blurry in the [100]4; projection.

Image modes that shows strain contrast reveal interface dislocations
in the [100] projection. Fig. 5 shows a bright-field TEM image of the
interface, acquired with an objective aperture large enough to keep the
Al lattice resolved. Dislocations appear quite regularly, which means
that the interface is semi-coherent. The spacing between dislocations is
about 2.0 nm, which corresponds to 7 x (011)4) planes. One might think
that the periodic dislocations produce the intensity modulation observed
with the electron beam through the electropolished specimen (see
Fig. 2d). However, the intensity modulation has a halved spacing of 1.0
nm, as shown in the inset of Fig. 5. This discrepancy will be addressed in
the discussion section.

EELS was used to obtain chemical information from the Cu-rich

layer. A spectrum image was obtained in the [OTI] N projection as the

interface of the Cu-containing layer with the Al matrix is most parallel to
this direction. Fig. 6a shows a concentration profile from the surface and
into the alloy matrix. The aluminium oxide layer at the top and the Cu-
rich surface layer below seem clearly separated. In addition, there is a
region in the matrix below the surface layer extending approximately 5
nm, where the Cu concentration is somewhat higher than in the bulk
matrix. Fig. 6¢ shows a summed Fourier transform of the matrix region
in Fig. 4a, which is within the Cu-enriched zone. Contrary to the bulk
(see Fig. 3a-b), the near-surface region does exhibit the forbidden {110}
spots.

The EELS signal from the Cu-rich layer was integrated and is shown
in Fig. 6d, zoomed in on the Cu-Ly 3 core loss edge. The signal should be
gradually increasing for metallic Cu, and have sharp peaks (white lines)
for Cu oxides with molecular bonds [31]. The spectrum in Fig. 6d rep-
resents a mixture between these cases. The white lines appear with equal
strength all through the layer, which rules out that the lines come
exclusively from bonding to the oxide layer on the top. A more likely
explanation is that the Cu-rich layer is characterized by a mixture of
metallic and covalent/ionic bonds.

Fig. 5. Bright-field TEM image from the cross-section of an electropolished specimen of alloy 2, acquired with 80 kV electrons. The image is projected in the [100]
direction. The inset shows a plan-view ADF-STEM image from the electropolished specimen (similar to Fig. 2d).
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4. Discussion
4.1. Cu layer - Origin

The freshly prepared electrolyte contained 1355 pg/L Cu. The Cu was
confirmed not to originate from the nitric acid or methanol, so it is likely
that it was picked up from the surfaces of the funnel or the beaker used
for measuring the chemicals. This equipment is typically washed with
tap water that goes through copper pipes. Cu ions are absorbed in the
water, in an amount depending heavily on the state of corrosion in the
pipes and the time the water has spent inside the pipes [32]. Further, the
equipment is air-dried, which allows Cu deposits to form. Cu ions are
easily dissolved in nitric acid [33], which means all the deposited Cu
from the tap water end up in the electrolyte. The electropolishing unit
and its container are also cleaned with tap water, which can introduce
more Cu and other contaminants, since the electrolyte is replaced in the
container upon re-use. Our hypothesis is therefore that the Cu ions
present in the electrolyte mainly originates from tap water, and not from
aluminium alloy specimens. The local drinking water is soft, but some
Ca is always to be expected, which explains why there is also a high
concentration of Ca in the electrolyte.

The ToF-SIMS depth profile of an (almost) Cu-free alloy electro-
polished with the fresh electrolyte uncovered a surface enrichment of
Mg, Si, Cu and Ni, and corresponding depletion of Fe, Zn, Ti and B (see
Fig. 1). Since some elements are being depleted in the matrix near the
surface, significant dealloying/dissolution into the electrolyte must be
occurring, and not simply deposition of ions contained in the electrolyte
onto the surface. Focusing on Cu, this leaves two possible explanations
for the surface enrichment, namely: (i) Cu originates from the electrolyte
or (ii) Cu is up-concentrated from the dilute solid solution in the alloy
matrix while Al and other elements are consumed.

Assuming a 6’-AlyCu structure (see next section), ballpark calcula-
tions can estimate that both mechanisms for surface enrichment are
possible. A circular area with diameter of about 2 mm is electropolished
on each specimen. A 1.5 nm thick 6 layer covering the surfaces on both
sides requires 0.02 ng of Cu. By comparison, 1 pL (1 mm?®) of our fresh
electrolyte contains 1.4 ng Cu, a 70 times higher amount. It is plausible
that the specimen encounters enough solution and that the applied
voltage provides enough driving force for the Cu atoms to precipitate
onto the surface, in a process similar to electroplating [34]. In this case
the layer must move continuously inwards during the 1-2 min the
process takes, while Al and other atoms diffuse past it and become dis-
solved in the electrolyte.

If the 0’ layer is formed exclusively by selective dealloying, the Cu
inside the layer (33.3 at.%) must have been up-concentrated from the
matrix (0.0081 at.% for alloy 1), giving a concentration ratio of about

4000. Assuming a 1.5 nm thick Cu layer in alloy 1 (as was measured in
alloy 2), the Cu must have come from a 6 pm depth of matrix, which is
plausible, since there is about 40 pm of matrix to take from on each side
of an 80 pm thick specimen.

The reality is probably a complicated interaction between specimen
and electrolyte, and a combination of the two mechanisms occurring. In
any case, Cu ions are easily dissolved by the nitric acid/methanol elec-
trolyte and is shown to have a very high affinity to the aluminium
surface.

The spectroscopy results in Fig. 6 teach us two things: (i) The Cu-rich
surface layer is not an oxide, but is rather placed below a thicker layer of
amorphous Al oxide. The oxide layer is assumed to form when the
specimen comes out of the electrolyte and into air, by Al atoms diffusing
through the Cu-rich layer. (ii) There is a region of fcc-Al matrix below
the surface layer which is enriched in Cu. Similarly, a Cu-rich surface
layer with a Cu-enriched matrix zone below was measured on electro-
polished Al-Cu alloy tips for atom probe tomography [35]. The solubility
of Cu in Al is high [36-38], so the Cu enriched zone is likely formed by
Cu atoms diffusing into the matrix from the surface layer in the time
between electropolishing and characterization.

4.2. Cu layer — Crystal structure of and influence on TEM

The structure of the Cu layer is consistent with the 8’~Al;Cu structure
interfaced with Al, as reported earlier [23,24]. The orientation rela-
tionship is (011),1 || (021)¢ and [100]a1]| [100]g, with a (011)a; || (021)¢
interface plane, which is one out of many possible orientation re-
lationships [24]. According to the well-established 6’ structure from
Silcock [39], all the columns in Fig. 4c should have the same intensity.
Instead, columns from every third (011)¢ plane are more intense, so
modifications to the structure are required. The 0’ structure is known to
exhibit stacking faults, interstitials and other kinds of reordering to e.g.
accommodate misfit or ease its nucleation [15,40,41], so a thin surface
layer of 0" having a different structure than 0’ precipitates inside the Al
matrix is not unexpected.

A suggested (unrelaxed) model of the layer with a modified 6
structure is shown in Fig. 7a. To account for the more intense columns

observed in the [OTl] W projection, every interstitial position was
Al

filled in every third (011)y plane. This produces an orthorhombic su-
perstructure with a 0.405 x 0.707 x 0.994 nm unit cell. The 0.994 nm

periodicity along the [Oﬁl] o direction, corresponding to 3 x d?é)ol), is an
excellent fit to the lattice modulation spacing along {OTl] N observed in

Al
Fig. 2d and the inset of Fig. 5, which corresponds to 7 ><d(0§2> =1.002
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referred to the web version of this article.)

nm. Meanwhile, the atomic model shows that the repeat distance of the
interface is 2 nm, which fits well with the dislocation spacing found in
Fig. 5.

In Fig. 7b, simulated kinematic diffraction patterns of our proposed
structure are shown. These can be compared with the experimental

Fourier transforms in Fig. 4b,d. While the (OTI) N projection is correct,

the experimental (100)a; Fourier transform is missing several spots. This
could have many reasons, such as overlap between different 8’ domains
that causes spot extinction, or simply inaccuracies in the model. In the
(011)4; projection (through the electropolished surface), many spots are
again expected, but only two satellite spots around each Al spot is visible
in Fig. 2e-f due to the much stronger electron interactions with Al than
with the thin 6’ layers. While our atomic model does not necessarily
represent the structure of the Cu layer perfectly, it is sufficient for
explaining the artifacts observed in STEM images and diffraction pat-
terns from electropolished specimens. We therefore propose that the
superstructure is responsible for the lattice modulation and the satellite
spots in [011]4; projected diffraction patterns (Fig. 2d-f).

This leaves the forbidden {110} diffraction spots seen in the [001]
projection (Fig. 2b-c). These can originate from a 0’ layer with the
orientation relationship (001)41|[(001)y and [100]1]|[100]y [24]. As
shown in Fig. 6¢, the spots can also be produced by the Cu enriched zone
below the 0 layer. A “checkerboard” L1y ordering of Cu on the fcc-Al
matrix can explain the presence of these spots.

Density/concentration modulations have been reported in the Al
matrix for Al-Mg alloys [20], Al-Mg-Si alloys [29] and Al-Zn-Mg alloys
[42]. In the Al-Mg case, the alloys had a very high concentration of Mg,
and the periodicities of the modulations changed with heat treatment,
which indicates that they were a feature of the bulk lattice. In the other

two cases, the periodicity was 1.0 nm and 1.2 nm, similar to the peri-
odicity measured in Fig. 2d and in the same lattice direction. Therefore,
the reported modulations probably originated from superstructures in a
0’ layer rather than a spinodal decomposition in the Al matrix.

From the imaging and chemical analysis done on the electropolished
specimen of alloy 2, we can estimate the relative thicknesses of the
layers that the electron beam goes through. For the best (S)TEM image
quality, a thin specimen is required, and it is not unusual to find loca-
tions where an electropolished specimen has a thickness of 30 nm or
lower. A volume of total thickness 30 nm will consist of 17% aluminium
oxide, 10% 0’ phase, 33% Cu-enriched matrix, and 40% unaffected
matrix. A schematic of this is shown in Fig. 8.

When diffraction spots or peaks in a spectrum are observed, the TEM
operator will naturally assume that they represent a feature of the ma-
terial being studied. Our ToF-SIMS measurement and cross-sectional
TEM study have shown that the aluminium surface is greatly affected

Electron path at
30 nm thickness

\ Enriched matrix
\
Matrix > ’
]
= i
V 0' layer Al oxide

Fig. 8. Schematic of an electropolished TEM specimen viewed in cross-section,
using the measured layer thicknesses from alloy 2. The wedge angle is greatly
exaggerated.
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by the sample preparation, which must be kept in mind in both chemical
and structural analysis. For instance, the {110} forbidden spots can
originate both from a 0 layer and a L1, ordering of Cu or other elements
in the matrix, which may or may not be an actual feature of the bulk
material.

The 0’ layer can conceivably also reduce image quality or introduce
artifacts in low-voltage high-resolution scanning electron microscopy
and in electron backscattered diffraction, where surface quality is
important, and electropolished specimens are typically used.

4.3. Cu layer — What to do with it?

The IPCMS analysis of electrolytes in Table 2 indicates that the
electrolyte must be protected from contaminants on all surfaces it
touches to avoid transferring the contaminants to TEM specimens.
Improving the purity of the electrolyte solution can conceivably mitigate
the Cu layer problem as well as reducing contamination of Ca, Na, and
hydrocarbons, which were all measured using ToF-SIMS on a specimen
prepared using a fresh electrolyte. It is uncertain whether exchanging
the nitric acid/methanol mixture for another electrolyte would help. For
instance, some common electrolytes use perchloric acid, which also
dissolves Cu well [43] and would lead to the same problems. Rinsing
everything the electrolyte comes into contact with using distilled/
deionized water instead of tap water is an obvious improvement. A
diluted acid may be applied first to remove any deposited metal ions.
Using an individual electrolyte exclusively for Cu-free aluminium alloys
might also be worthwhile.

Other preparation methods can be considered, although none give as
large, evenly thin areas as electropolishing. Broad-beam Ar™ ion milling
gives a much higher wedge angle than electropolishing (typically 8°
compared to around 1°) and has its own problems with surface rough-
ness and redeposition of elements onto the specimen. FIB with a Ga™
beam introduces Ga into the specimen, which might pose a larger
problem than Cu, as it segregates to all defects, although cryo-FIB seems
to mitigate this problem [44]. Xet (plasma) FIB is an emerging option
that avoids ion implantation. Ultramicrotomy is unsuitable as it in-
troduces too much mechanical deformation to be useful for a ductile
metal such as aluminium. Ultimately, electropolishing is fast and cheap,
and is therefore not easily replaced as a high-throughput technique for
preparing high-quality specimens.

It remains to ask whether aluminium with super-thin epitaxial 6
layers can have any applications in addition to being a nuisance in
characterization. Does it have potential as an easily manufactured
functional material? Depending on the electronic properties of the 6
phase, junctions could be created that might be useful for optical or
electronic applications, or for growth of additional crystalline layers
compatible with the 6’ structure.

5. Conclusion

A Cu-rich layer with 0’-Al,Cu structure is shown to form on the
surfaces of electropolished aluminium alloy specimens. The alloy itself
does not need to contain Cu for this to occur, as any Cu picked up by the
electrolyte solution can be deposited on the Al surface. It is unclear
whether selective dealloying or deposition from the electrolyte is the
most important mechanism for the Cu layer to form. Further, Cu atoms
can diffuse into the Al matrix from the 6’ layer, creating a Cu enriched
zone.

Crystallographic artifacts are observed in transmission electron mi-
croscopy, in imaging and diffraction modes, due to the Cu enrichment on
the surface. With the specimen surface normal to (and electron beam
parallel to) the [001]a; direction, forbidden {110} 4 diffraction spots can
result from both the 6’ layer itself and the Cu enriched zone. With the
surface normal parallel to [110],j, a 0 superstructure can produce sat-

ellite diffraction spots indicating a 1.0 nm periodicity in the [Oil]Al

Materials Characterization 172 (2021) 110846

direction. These phenomena are observed both in diffraction and ADF-
STEM imaging. Other surface planes and 6’-Al orientation relation-
ships may produce different artifact diffraction spots and image features.

Knowledge of possible Cu enrichment on electropolished aluminium
surfaces is important in order to correctly interpret images and diffrac-
tion patterns obtained in TEM.
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