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3. Results and discussion

ADF-STEM images of representative precipitatesnd in the analysed condition, taken with the
JEOL 2010F, are displayed in Fig. 1. The imadpsisthat although the atomic arrangement in these
particles is complex, they can be classified as L precipitates [9, 17]: the Cu columns exhibit disorder,
but regions with local order can be found, ararespond to the Cu-column positions of the
hexagonal Q’-phase (a = b = 1.04 ,mer= 0.405nm), as shown in Fig. l1a, e, f, and to those of the
monoclinic C-phase (a = 1.0vn, b = 0.81 nm, ¢ = 0.405 nmgz 101°) as shown in Fig. 1c, d, f. It

was demonstrated in [9] that the near-hexagonaéBwark of these precipitate(with sub-cella=b

80.4 nm, ¢ = 0.405 nm), had one cell edge pdra&tle<100>Al. This also explains why the
L-precipitate cross-section elongated along <100>Al. Although thevestigated alloy contains

small amounts of Ag, this element seems to accumulate at particle interfaces, without any noticeable
effect on precipitate type or cryktsructure. The Ag enrichmentéspecially obvious at high strain
locations, where the partidenterface changes orietitan with the Al matrix.

Fig. 1 Un-processed ADF-STEM images of precipitatess-sections in ¢hanalysed condition,
recorded with a JEOL 2010F. Only the Cu (Z =&8) Ag (Z = 47) atomic columns can be resolved.
All precipitates have various degresdsdisorder. Local order that mespond to arrangements of Cu
atomic columns in the hexagonal Q’-phase (a, epaulinic C-plate (c, d)rad a combination of both
(f), are observed. Some Cu columns are conndunyedverlaid dashed lines. Ag (with a stronger
Z-contrast than Cu) seems to be present mainly at interfaces.

Although the strongest Zeatrast in Fig.1 is given by the Gund Ag atomic columns, spots of
lower intensity can also be observed, especiallyurree areas of the predates. To reduce noise,
a Fourier filtered version of the image in Fig.1lahewn in Fig.2, obtained g a circular band pass
mask that filtered out all spatial frequencieshe original image shonte¢han 0.3 nm. It can be
observed that the weak inteinss have near hexagonal a =86.4 nm symmetry, which corresponds
to the Si-network and shows that Si (Z = 14) atomic columns can be resolved in such images. The
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Cu-columns appear with a triangular shape because the resolution in the image is too low to separate
them from the three neighbouring Si columns. The Mg (Z = 12) and the Al (Z = 13) atomic columns
are not visible in these Z-contrast images.

Fig. 2 The precipitate in Fig.la after Fourier
filtering to remove periods shorter than 0.3 nm.
The Si-network with a near-hexagonal a=b = 0.4
nm sub-cell is observed to be present across the
whole particle. Three such sub-cells are indicated
(white diamonds). Arrows indicate one Cu atomic
column (dotted), and one Ag atomic column (full)
at the interface. The right-hand dotted lines
connect a few Cu columns that are arranged ina Q’
configuration.

Fig. 3 is an ADF-STEM image using a TITAN probe Cs-corrected microscope that shows a part of
a similar precipitate to that in Fig. 2. The improved spatial resolution and signal-to-noise ratio with
this microscope make all atomic columns of the precipitate and matrix visible. The Z-contrast
information contained in the image facilitates the identification of Ag, Cu and Si atomic columns.
Unfortunately, the difference in Z contrast between Al and Mg atomic columns is still not sufficient
to discriminate between these elements. Analysis of several precipitates imaged in this way
confirmed the previous interpretation of these structures; they all consist of a disordered arrangement
of Al, Mg and Cu atomic columns on an ordered near-hexagonal Si-network with sub-cell dimensions
a=Db = 0.4 nm [9]. The network is clearly resolved in ADF-STEM images (see Fig. 3c, e as an
example). Areas of local order, corresponding to the phases Q’ and C [9, 17], can often be found in
these precipitates. The present work also shows that low Ag additions to this system do not change the
precipitate sequence. For the most part Ag accumulates preferentially at precipitate interfaces
although some Ag atoms are clearly present in the interior of the precipitates. As a rule, here Ag
replaces Si atoms in the network. This is opposed to Cu, which is always observed in-between the Si
network columns (see Fig. 3¢, d, e, f). Both Ag and Cu atomic columns clearly vary in intensities over
the ADF-STEM images. This probably relates to varying occupancies of Ag and Cu in these columns.
Moreover, there is a variation in the contrast (and position) of the columns around the Cu columns so
they have a 'cluster-like' appearance with high (local) symmetry. The same applies around Ag on the
Si-network, but the resulting 'cluster' differs from that of Cu (see Fig. 3f). Based on these
considerations, the Q/Q’ and C-plate phases can be described as different orderings of similar Cu
‘clusters’. The Ag ‘cluster’ was not observed to create any local periodic order.

4. Conclusions

ADF-STEM is a very powerful imaging technique for studying precipitation in alloys. In the case of
probe Cs-corrected machines, it provides both good spatial resolution and Z-contrast. After analysis,
the Si-network, which previously has been demonstrated to be a common structural basis element in
all precipitates of the AI-Mg-Si-(Cu) alloys, could be directly visualized. The disordered
arrangements of Al, Mg, Cu atomic columns on this network, previously observed in precipitates
formed in Al-Mg-Si-Cu alloys [9], was further confirmed. It was shown that small Ag additions did
not change the precipitation sequence. Ag accumulates mainly at the precipitate/Al interfaces. A
smaller fraction of Ag-atoms can enter into the precipitate replacing Si columns of the Si network. Ag
appears to have varying occupancy in such columns. This is the only element so far observed to reside
on Si-network positions. Cu is always observed in-between the Si columns. Both Ag and Cu columns
create their own local symmetries in the precipitate structures.
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Fig. 3 a) Unprocessed ADF-STEM image taken with a probe Cs-corrected Titan; b) As a) but Fourier
filtered to reduce noise using a circular band pass mask that excluded all periods shorter than 0.17 nm;
¢) Simple manipulation of image in b), by increasing contrast and reducing brightness and gamma in
order to better visualize atomic column Z-contrast; d) Full circles: Ag columns, dashed circles: Cu
columns. Cu columns in local Q’ atomic configuration are connected by continuous lines; e) Full
circles: Si columns. One Si-network sub-cell is indicated with full lines; f) Specific local symmetries
around Ag and Cu columns. The Si columns belonging to these symmetries are indicated by ‘X’, and
the Al, Mg, or mixed Al-Mg columns are indicated by ‘O’. The projected separation of the Si atomic
columns is ~0.4 nm. In images d, e, f the different atomic columns are indicated as viewed in
projection, disregarding the atomic heights.
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