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3. [® — the main hardening phase in Al-Mg-Si

Knowing the exact composition of the main hardening pHase the Al-Mg-Si is important to
produce materials of optimized strength. The Mg/Si iiattbe alloy should be adapted so as to match
that of this phase. The story about tBaepresents a good exampletbé use of the methodology
presented in last sectionHistorically, all precipitates in thesalloys were thought to have the same
composition as the equilibrium phase 18g42]. In 1996, APT studies showed that the Mg/Si ratio in
B was close to 1 [43]. The year after, theusture was solved by MSLS and HREM, and the
composition was found to be Mjg[3, 44].

Fig. 2. Overview of methods used when solving tHestEicture and composition: a) Medium and high
resolution (exit wave reconstructaddnsmission electron microscopy and b) electron diffraction. ¢) An atom
probe tomography volume revealing Al content in thageh These methods were usgdet an initial model

of the phase, and the intensities in the electron diffraction were used for quantgttiements in the MSLS
program. d)4b initio density functional theory calculations showing thatMegSi, has the lowest energy.

e) The structure model illustrates the Sil, Si2 and Si3 atom positions ih¢b#, ®here Si3 is the position
which most likely is replaced with Al [24].

A recent study including APT and VASP showed tifwt structure most likely also includes Al,
and that a more accurate composition isMgSis [24]. The difference from the M§is structure is a
replacement of Si with Al at one position iretanit cell. While this substitution was unexpected and
therefore not considered earlier, theg¥gSi, structure has a better consiscy with the structure of
U2, one of the subsequent phases formed in thg piecipitation sequencaj@is also found to have
the lowest formation energy of thenfigurations investigated. FigilRistrates the different methods
used to solve thd2 structure. The calculatiorsupport that Si atoms forenspacious network with
strong bonds (Sil, Si2) where the penalty for subsigusi with Al is high, whereas smaller changes
in the energy between Si and Al exist regardimg atom sites (Si3) in-between. MSLS also shows
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that the MgsAl,Si4 structure gives a better fit with the experimental data than MgsSie, due to lowering
of temperature factors, although this method alone is not sensitive enough to clearly distinguish
between the two structures.

4. Disordered (and ordered) precipitates in AI-Mg-Si-Cu

S Im::

Fig. 3. Disordered precipitates in an Al-Mg-Si-Cu alloy with low Ag additions. a) HRTEM image. The spatial
resolution is around 0.2 nm and all atomic columns are visible. However, there is no Z-contrast present in the
image; b) ADF-STEM image. The positions of Cu and Ag atomic columns are clearly visible, although the
spatial resolution and signal to noise ratio are lower than in the HRTEM image. The positions of Al, Mg and Si
atomic columns are not clearly resolved. A few Cu columns in a local ordered area corresponding to the Q’
phase are connected by solid black lines. Two Ag-enriched areas are also shown; ¢c) ADF-STEM image
recorded with a probe Cs-corrected STEM instrument. The spatial resolution is higher than in the HRTEM
image, approaching 0.1 nm, and the signal to noise ratio is high, making all atomic columns visible. In
addition, the image contains Z-contrast. Some image distortions are caused by specimen drift during the
electron scan; d) In order to reduce noise even further, an Inverse Fast Fourier Transform (IFFT) of image c) is
presented, where all distances shorter than 0.14 nm have been filtered. A few Cu columns in a local ordered
area corresponding to the Q’ phase are connected by solid white lines. Two Ag-containing columns are also
shown. A few of the near-hexagonal sub-cells part of the Si-network are shown by white dotted lines. All
images are taken in a <001>Al zone axis. The precipitates are viewed in cross-section.

The advantage of the ADF-STEM technique when investigating metastable precipitates in the
6xxx system was first realized in the Al-Mg-Si-Cu system [15]. Here, we found disordered
arrangements of Al, Mg and Cu atoms on a near-hexagonal network of Si atomic columns when
viewed along the precipitates longest directions, which made HRTEM images and ED patterns
difficult to interpret. This network has projected sub-cell dimensions a = b = 0.4 nm and its c-axis
equal to 0.405 nm or a multiple of it, corresponding to the highest precipitate coherency direction
with the Al matrix. However, a direct confirmation of this could only be provided by ADF-STEM,
which clearly shows a disordered distribution of Cu atomic columns and a lack of unit cell in these
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precipitates. The ADF-STEM images also show that many such particles contain local ordered areas
corresponding to the hexagonal Q’ phase, and to the monoclinic C-plate phase. Recent investigations
to the AI-Mg-Si-Cu system with low Ag additions confirm these findings and show that addition of
Ag does not change precipitation sequence [45]. Fig. 3 shows an example from this work where it can
be clearly seen that when compared to the conventional HRTEM technique, interpretation of probe
Cs-corrected ADF-STEM images is much easier due to the superior spatial resolution and the
presence of Z-contrast. Even uncorrected ADF-STEM images, when used in combination with
HRTEM images, can provide the additional Z-contrast information that is of great importance in
solving precipitate crystal structures. The importance of ADF-STEM is of equal importance when
studying alloys where Si is replaced with Ge [46].

5. Structural similarities and common network
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Fig. 4. Schematic drawings with the same scale showing structures of a) f°, b) U2 and c¢) B’ viewed along their
0.405nm periodicity with the Al matrix. The similarity between these phases is obvious when their atomic
structures are referred to the common near-hexagonal grid defined by the Si columns. Atomic heights are
indicated by open (z = 0 nm) and solid (z = 0.2025 nm) circles. a) Solid lines: ’ unit cell (hexagonal, a=b =
0.715nm); the similarity with U2 is shown with dashed lines. b) Solid lines: U2 unit cell (orthorhombic, a =
0.67 nm, ¢ = 0.79 nm); the similarity with the B’ phase is shown with dashed lines. ¢) Solid lines: B’ unit cell
(hexagonal, a = b = 1.04nm); the similarity with the U2 phase is shown with dashed lines. All phases can be
‘decomposed’ into near-hexagonal 0.4 nm sub-cells (connected with pointed lines) defined by the Si columns.
The phases are essentially different arrangements of Mg and Al atoms on this Si network.

Using the methodology presented in section 2, our group has solved the crystal structures of the most
common ordered metastable precipitates in the AI-Mg-Si(-Cu) system [3-7, 33,34]. Also, the type of
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disorder present in some precipitates of the Al-Mg-Si-Cu system has been resolved, as briefly
explained in section 4. It has emerged that the near-hexagonal Si network having projected sub-cell
dimensions a =b = 0.4 nm and its c-axis equal to 0.405 nm or a multiple of it, is a/lways present in the
precipitates crystal structures, and can be derived from diamond Si as viewed along <111>Si
[15,32,38, 47-49]. To exemplify the importance of this network in explaining precipitate crystal
structures, Fig. 4 shows as an example the structural similarities between the 3’, U2 and B’ phases of
the Al-Mg-Si system in connection to their common Si network. The network is most distorted from
the hexagonal symmetry in B phase, probably due to the high coherency this phase has with the Al
matrix. It is very interesting to observe that the Si3 sites in Fig. 2 e) are not a part of the network, and
can be replaced by Al without energy penalties. Since the Si nano-pillars suggestion by Chen et al.
would imply that this position is of equally importance as the other Si atoms for the stability, our
model of B does not support the concept of nano-pillars [2]. The best and simplest description of the
Si arrangements that ensures the stability of all the precipitates is the Si network.

To further explore the nature of the Si network, similar Al alloys with Si replaced by Ge have been
examined. It would now be interesting to see if Ge goes into a similar Ge network and if the
precipitates are of the same type. The interesting result here is that the f” phase was not observed.
Peak hardnesses similar to those achieved by 3 in Al-Mg-Si alloys were instead achieved by p’-like,
Ul-like and disordered phases, depending on the Ge/Mg ratios in the alloys composition [50]. The
’-like and Ul-like precipitates were often disordered. In all cases, the precipitates had structures
containing a near-hexagonal network of Ge atoms very similar to the Si network described above.
Because of the relative high Z of Ge, this network could be directly visualized in ADF-STEM images
[46]. Even more interesting is that the orientation of the precipitate unit cells and the Ge-network
relative to the Al matrix differed from what has been observed for f” and U1 in the AI-Mg-Si system,
which may indicate the importance of interface coherency and strain. VASP calculations are in
progress, including theoretical studies of the interface, to get a better understanding of this.

The observations of the strong structural similarities in the precipitates may suggest that they are
nucleated from similar clusters. Knowledge of the early stages of precipitation, before the more
ordered precipitates form, can therefore give valuable information on the formation and growth of
hardening precipitates. Due to its strong dependence on several parameters, e.g. total solute content,
alloy Mg/Si ratio and heat-treatment history, the clustering process in these alloys is at present not
sufficiently understood. Theoretical studies have investigated how solute atoms diffuse in the
aluminum lattice [51], revealing what types of early-stage structures are most energetically favorable
[52]. Experimental studies by TEM have investigated the effect of clustering during room
temperature storage on subsequent precipitation during artificial ageing [53]. Recent advances in the
cluster identification procedure applied to APT volumes have enabled the direct observation of
clusters formed during direct pre-ageing and natural ageing in various alloys [26]. The difficulties of
observing clusters make it interesting to calculate, by first principles, the interactions between solute
atoms in the matrix. This can reveal the nature of the initial step of the clustering reaction, namely the
solute pairing in the matrix.

6. Outlook and conclusions

Industrial research on precipitation hardened Al-Mg-Si alloys has been going on for 90 years and may
be regarded as relatively marture. Further advances on optimizing alloy properties for specific
purposes will rely on the fundamental understanding of precipitates as exemplified in this paper. We
have developed a methodology combining several experimental techniques to study precipitate
structures in AI-Mg-Si/Ge(-Cu) alloys, with the objective to design alloys for specific applications.
This has revealed the existence of structural similarities between all metastable precipitates through a
common Si network in all alloy systems investigated. The detailed structure of the precipitates can be
used to compose alloys of Mg/Si ratios matching those of the main hardening phase(s), thus
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optimising the alloy for strength applications. Our results seem to indicate that precipitate crystal
structure does not have a direct effect on alloy strength. Instead, the size and the coherency of
precipitate interfaces with the Al matrix are the most relevant parameters. The structural similarities
of the precipitates make studies of early stage clustering more interesting, as these can be expected to
discover if the Si network is a result of the initial nucleation process.
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