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Scanning transmission electron microscopy imaging of Al-Zn-Mg alloys has provided new information on
the atomic structures of solute rich clusters forming from a supersaturated solid solution at low tempera-
tures. A unique unit of high Zn/Mg ratio is the fundamental cluster building block. The unit is essentially
a partial substitution by Mg and Zn on the cubic aluminium cell and its surrounding truncated cube oc-
tahedral shell. A simple set of principles based on Frank-Kasper structures describes how the basic units
arrange with respect to each other to form larger clusters. Density functional theory calculations, atom
probe tomography and simulated diffraction patterns support the proposed atomic models. The results
provide new insight into the very early stages of age-hardening in aluminium alloys.
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1. Introduction

The age-hardenable Al-Zn-Mg (7xxx) alloys are important in
the transportation industry, due to properties such as good forma-
bility and high strength-to-weight ratio [1,2]. Prior to hardening, a
high temperature solution heat treatment (SHT) is required to dis-
solve the solute atoms, followed by a quench to room temperature
leading to a supersaturated, metastable solid solution consisting of
solute elements and vacancies. By keeping the material at room
temperature, the hardness will gradually increase [3]. This effect is
called ‘natural ageing (NA)' and is caused by solute atoms aggre-
gating to clusters on the face centered cubic (fcc) aluminium lat-
tice. The solute clusters act as small obstacles for dislocation move-
ments during plastic deformation and contribute to strength.

Clusters with periodic ordering are referred to as ‘Guinier-
Preston (GP) zones’, after their discoverers in 1938 [4,5]. In Al-
Zn-Mg alloys, two types of GP-zones have been suggested: GP(I)
related to solute rich clusters [6-10], and GP(II) related to va-
cancy rich clusters [6-12]. Earlier studies have suggested that both
play key roles during the subsequent artificial ageing (AA) stage
(120-200 °C), especially in initiating the formation of the coher-
ent, hardening precipitate structure n’ (MgZn,) [6,13-18]. GP(I)
zones have been found to exist even after longer ageing times
[6,9,19,20]. The GP(Il) zones are suggested as possible precursors

* Corresponding author.
E-mail address: Randi.Holmestad@ntnu.no (R. Holmestad).

https://doi.org/10.1016/j.actamat.2020.116574

of the metastable n’ precipitate [6,9]. However, the transformation
from clusters to precipitates are not understood [12].

This work focuses on the structure of the solute rich GP(I)
clusters formed at low temperature, previously reported in stud-
ies using transmission electron microscopy (TEM) [8,21-23], X-ray
diffraction (XRD) [11,24-26] and positron annihilation spectroscopy
(PAS) [11,27]. Up till now, a simple anti-phase ordering of solute
has been proposed based on diffraction patterns acquired from
large regions [8]. This work shows that the ordering is of a fun-
damentally different kind, and uncovers the atomic structure of
the GP(I) zones with support from experimental techniques, sim-
ulations and calculations.

2. Material and methods
2.1. Materials

The data in this work has been obtained from two Al-Zn-Mg
alloys. An industrial alloy (in at.%: 0.08% Fe, 1.42% Mg, 0.08% Si,
2.98% Zn and 0.04% Zr), labelled Alloy #1, was air cooled after ex-
trusion and left naturally ageing for 17 years. A high purity lab-cast
alloy (in at.%: 1.89% Mg and 3.49% Zn), labelled Alloy #2, was SHT
at 475 °C for 1 h before it was quenched into water and left for NA.
A group of samples were directly artificially aged at 150 °C, while
some were artificially aged at 120 °C after 4 days of NA. The Vick-
ers hardness (HV0.1) curve for Alloy #2 obtained during natural
ageing reaches a hardness of ~ 110 after ~ 10 days. This does not

1359-6454/© 2020 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)


https://doi.org/10.1016/j.actamat.2020.116574
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2020.116574&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:Randi.Holmestad@ntnu.no
https://doi.org/10.1016/j.actamat.2020.116574
http://creativecommons.org/licenses/by/4.0/

A. Lervik, E. Thronsen, J. Friis et al.

increase significantly with further natural ageing times. A similar
hardness value is obtained after 4 days natural ageing and 8 min
artificial ageing at 120 °C. Hardness curves are shown in Supple-
mentary Fig. 1. Alloy #1 naturally aged for 17 years had a hardness
value of 107 £+ 11.

2.2. Transmission electron microscopy

TEM specimens were prepared by grinding bulk samples with
SiC abrasive paper to ~ 60 um foil thickness, punched into 3 mm
discs and thereafter electropolished with a Struers TenuPol-5 ma-
chine using an electrolyte mixture of 1/3 HNO3 and 2/3 C3CH30H
at temperatures between —30 and —20 °C and an applied potential
of 20 V. High-resolution high-angle annular dark field (HAADF)-
scanning transmission electron microscopy (STEM) images were
acquired using an image- and probe Cs-corrected JEOL ARM200CF
operated at 200 kV with convergence semi-angle and inner collec-
tor angle 28 mrad and 48 mrad, respectively. Smart Align (HREM
research) was used in the acquisition, which involves acquiring a
stack of successive low-dose images and afterwards aligning them
to correct both rigid- and non-rigid scan distortions [28].

2.3. Atom probe tomography

Samples for atom probe tomography (APT) were prepared ac-
cording to the conventional focused ion beam (FIB) lift-out method
[29], using a FEI Helios G2 dual-beam instrument. The tips were
oriented along the [001] direction and sharpened to apex diam-
eters of <50 nm, finishing with a 5 kV Ga* ion beam. APT was
performed with a Cameca LEAP 5000XS in voltage pulse mode,
with the sample cooled to 50 K. A volume of 20 million atoms was
evaporated with a pulse fraction of 25%, a pulse rate of 500 kHz,
and 0.3% of the pulses leading to a detected atom. A detection ef-
ficiency of 77% was assumed in the data reconstruction. Poles and
lattice spacings in the [001] directions were visible, allowing a fit
of the image compression factor and field factor to obtain the cor-
rect scaling in all directions. The maximum separation algorithm
was used [30], with clusters defined by 3rd nearest neighbor so-
lutes being closer than dmpax = 0.53 nm and the minimum size of
clusters being Np,;, = 80 atoms. This maximizes the ratio of real
to random identified clusters. Enveloping and erosion of 0.53 nm
were used to define the cluster-matrix interface and improve com-
position quantification [30]. The cluster radius was estimated us-
ing the radius of gyration in the (non-aberrated) z direction mul-
tiplied by a shape factor. Since the chemical composition is aver-
aged over a large number of small clusters, the statistical deviation
is expected to be large and is used as an error estimate. Expected
measurement errors include detection efficiency errors (the aver-
age error is roughly 1% in compositional fraction), uneven chemical
distributions due to crystallographic poles, as well as background
events. All these are random errors and are reflected in the statis-
tically determined error.

2.4. Density functional theory

The density functional theory (DFT) calculations of the forma-
tion enthalpies for the structures were performed at 0 K with
the Vienna Ab initio Simulation Package (VASP) [31,32], using
the Perdew-Burke-Ernzerhof (PBE) gradient approximation [33]. A
gamma-centred k-point mesh was used in all calculations with a
plane wave energy cut-off above 400 eV and a maximal k-point
distance of 0.18 A-1. The Methfessel-Paxton method [34] of 1st
order was applied for atomic position relaxations with maximum
force of 0.001 eV/A and a smearing factor of 0.2. For accurate en-
ergies, all relaxations were followed by a static calculation using
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the tetrahedron method with Bloch corrections. The formation en-
thalpies for the different configurations were calculated as

AH=E - E. (1)
i

where E is the total energy of the configuration in question and i is
an index running over all atoms in the structure. Ey is the energy
of one element X, embedded in the matrix (X = Al, Mg, Zn). For
consistency Ex is calculated from bulk Al supercells of the same
size as the configuration in question with a single Al substituted
with X [14];

N-1
Ex = Exa,_, — N

Eayy» (2)

where N is the number of atoms in the supercell.

2.5. Diffraction pattern and image simulations

The nanobeam diffraction (NBD) patterns were simulated using
the uSTEM simulation software in the position-averaged conver-
gent beam electron diffraction (PACBED) mode [35]. Calculations
were carried out on a 512 x 512 pixel mesh grid with 10 layers
of Al unit cells surrounding the cluster model on each lateral side
forming a supercell with dimensions approximately 97 x 97 A to
avoid wrap-around errors due to the Al-cluster interface. The probe
forming aperture was set to 0.75 mrad to avoid overlap of the
diffraction spots. The model was periodic in the z-direction and the
simulations were carried out over a TEM sample thickness interval
of 12-700 A. For the HAADF-STEM image simulations, the MUL-
TEM simulation software was used [36]. Calculations were carried
out on a 1024 x 1024 pixel mesh grid using a supercell with lateral
dimensions of approximately 40 x 40 A and a thickness of approx-
imately 405 A. The convergence angle was set to 27.78 mrad and
the inner and outer collection angles were 48 mrad and 206 mrad,
respectively.

3. Results and discussion
3.1. Microstructure overview

Conventional bright field (BF)-TEM imaging along the [001] Al
direction showed high densities of small (1-2 nm) clusters uni-
formly distributed within the Al matrix, as Fig. 1a demonstrates
for Alloy #1. Fig. 1b shows the corresponding selected area diffrac-
tion pattern (SADP). Two types of diffraction spots appear between
the Al reflections. The sharp diffraction spots (red circles) on the
{100} and {110} positions in Fig. 1b originate from larger AlsZr
dispersoids [37,38]. The diffuse spots (yellow triangles) originate
from clusters and are a result of high densities combined with
the different crystallographically equivalent orientations the clus-
ters can have with the aluminium, while the spread in intensity is
due to their small physical size. These spots have previously been
associated with GP(I) zones [8-10,21,22,37,39-42]. Fig. 1c¢ shows a
HAADF-STEM image of clusters and Fig. 1d shows the correspond-
ing fast Fourier transform (FFT). It has strong resemblance with the
SADP in Fig. 1b. The diffuse, high-intensity spots at the {110} posi-
tions in Fig. 1d are artefacts caused by the TEM sample preparation
(cf. Supplementary Information) and should not be confused with
the clear diffraction from the Al;Zr dispersoids (Fig. 1b). After 2
weeks and after 8 months natural ageing, as well as for 8 min age-
ing at 120 °C, Alloy #2 exhibits the same diffuse diffraction spots
as Alloy #1 (Fig. 1) with only slight variations in intensities. This is
shown in Supplementary Fig. 2.

3.2. Cluster statistics and composition by atom probe tomography

Fig. 2a shows the solute Mg and Zn atoms inside the defined
clusters in an evaporated APT needle of Alloy #1 after 17 years
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Fig. 1. Alloy #1 after 17 years of natural ageing, oriented along the [001] direction. a, BF-TEM image showing a high density of solute clusters (dark contrast). b, SADP with
diffraction spots of AlsZr dispersoids and GP(I) zones, marked by circles and triangles, respectively. ¢, HAADF-STEM image clearly indicating ordering of solute on the fcc
lattice. d, fast Fourier transform of ¢ where the intensity in the forbidden {110} positions are due to a surface layer artefact.

natural ageing. As expected, dense co-clustering of Mg and Zn
atoms is present. The composition of clusters as a function of
the number of atoms within a cluster is shown in Fig. 2b. Clus-
ters smaller than about 3 nm have a slightly lower level of Mg
and Zn than the larger clusters. This is most likely an artifact
of the evaporation field difference between clusters and the ma-
trix, giving a local magnification effect [43]. The mean cluster
radius is 1.90 nm, and the Zn/Mg ratio, which is shown as a
function of the cluster diameter in Fig. 2c¢, has an average of
1.75. The average composition of clusters with a radius larger
than 3 nm is 74.7 + 0.2% Al, 16.8 + 0.1% Zn, 85 + 0.1% Mg
(at.%). The measured Zn/Mg ratio is slightly higher than values re-
ported in other APT studies [23,37,39,44-46]. However, these stud-

ies are not directly comparable as the alloys have different com-
positions and heat-treatments. Differences in natural ageing times
can also affect the cluster composition [23]. In Cu-containing al-
loys, the ratio may be lower since Cu tends to substitute Zn po-
sitions [14,44]. The high amount of Al measured in the clusters
is in agreement with other studies [37,44,46]. In the regions be-
tween the clusters, the Al matrix was found to contain 1.12 and
0.35 at% Zn and Mg, respectively. The APT dataset gave an av-
erage nearest neighbour separation of 4.8 + 0.9 nm and num-
ber density of clusters as approximately 3.35 x 1024 m—3. The ob-
tained values for mean size and number density are in correspon-
dence with other studies using small-angle X-ray scattering (SAXS)
[11,26,47].
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Fig. 2. a, Elemental map of solute atoms Mg (blue) and Zn (red) of clusters in Alloy #1 after 17 years NA, measured by atom probe tomography. b, composition of clusters
shown against the number of atoms in each cluster. ¢, Zn/Mg ratio versus radius of the cluster. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

3.3. Cluster units and their stacking principles

Both APT (Fig. 2a) and HAADF-STEM (Fig. 1¢) indicate that the
clusters are equiaxed. Along a (100) direction, approximately 1/3
of the non-overlapped clusters exhibits a clear atomic structure.
Fig. 3a and ¢ show two representative clusters. Based on the inten-
sities and interatomic distances, suggested atomic motifs of Fig. 3a
and c are given in b and d, respectively. Blue and red circles corre-
spond to Al lattice columns with Mg and Zn substitutions, respec-
tively. It can be seen that the atoms belonging to the cluster mostly
adapt the Al lattice positions. The analysis demonstrates that the
clusters may be simplified in terms of one single unit. This unit is
identified by a unique high-intensity column situated at the cen-
tre where two rows of 5 bright columns along the lateral (100)
Al directions intersect. This column is labelled as the ‘Interstitial
site’ in Fig. 3. Together with the observation that the nearest four
Zn columns of the centre are pushed slightly away (approximately
13%) from the ideal Al lattice, this indicates that the centre of the
unit contains an interstitial atom relative to the fcc Al

In the HAADF-STEM images along the [001] zone axis, the clus-
ter unit has 4-fold symmetry. The solute arrangement compatible
with these observations is a three-shell structure in the fcc lat-
tice, centred on an Al cube with a possible interstitial. The inner
shell is an octahedron formed by the six faces. The second shell
is formed by the eight cube corners. The third shell is a truncated
cube octahedron (TCO) of the 24 positions around the cube. Inten-
sities in the images suggest that the shells have ideal compositions
Zng, Mgg and Zn,4, respectively, with a common interstitial centre
‘I". This is illustrated in Fig. 3e and f. This cluster unit spans two
Al-periods (8.1 A). Thus, along the [001] direction the stacking is
abbreviated by ‘{002]'. The TCO has six square and eight hexagonal
faces, coinciding with the {100} and {111} Al planes, respectively,
as shown in Fig. 3e. The 24 vertices are given by permutations of
the lattice vector %(120) from the centre of the cube.

Individual clusters show variations in structure, as in Fig. 3a
and c. However, they can always be explained in terms of the de-
scribed TCO unit stacked according to three principles: [002], (411)
and (330). The two last concerns the lateral plane, both with an
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Fig. 3. a, c, Filtered HAADF-STEM images of two clusters. b, d, Suggested atomic column maps of a and ¢, showing the connection principles ((411), (330)) between unit
centres, denoted ‘Interstital site’. e, TCO-shell with Zn on all vertices and Mg on corners. f, interior view of a cluster unit embedded in Al with an interstitial ‘i’.

inter-distance of 8.59 A as shown in Fig. 3, where the yellow lines
connect the distinct ‘Interstitial site’ centres of the units. Exper-
imental observations suggest that the most common lateral con-
nection is (411). In Fig. 3a and b four units arrange in a (411)
connected square. This is repeated in the viewing direction by the
[002] connection. Fig. 3a and ¢ show that the lateral connections
form a pattern of squares and triangles, which is a o-type Frank-
Kasper ordering [48-50].

3.4. Density functional theory calculations

In order to elucidate the suggested structure, DFT calculations
of cluster units embedded in 4 x 4 x 4 Al cells (256 atoms) were
conducted. We describe the unit by the nomenclature ‘iZyMyZ;’,
referring to the four constituents: an interstitial and three poly-
hedra (cf. Fig. 3f). The lower-case letter ‘i’ (= a, z or m) indicates
an interstitial centre (Al, Zn or Mg, respectively). If no interstitial
is present, the character is omitted. Zy (x=0,...,6) indicates the
number of Zn atoms on the cube faces, My (y =0, 8) are the Mg
atoms on the cube corners and Z; (z =0, ..., 24) is the number of
Zn on the TCO shell. The maximum number of solute atoms in the
cluster unit is 39 including the interstitial. Fig. 4 shows formation
enthalpy versus pressure for a range of configurations of cluster
units (cf. Supplementary Tables 1 and 2).

The DFT calculations show that the cluster units prefer high
Zn/Mg ratios and the two Zn-containing shells filled by only Zn.
Fig. 4 shows that a fully occupied TCO (Z;,z = 24) is stabilising,

providing structures with 9 of the 11 lowest energies with Zn/Mg
ratios above 3. Having both Zn shells fully occupied gives the best
energies, which can be seen by considering the Mg-free series:
ZoMgZiy; — ZgMgZys — ZgMyZys. This also shows that pressure
falls with increased Zn concentration. Pressure represents the mis-
fit volume compared to a supercell only containing Al but is not
directly linked to energy: an interstitial (zZgMgZ,4) improves pres-
sure, but gives more unfavourable formation enthalpy. An intersti-
tial Zn in ZgMgZqy (zZgMgZ1o) is directly unfavourable. Thus, an
interstitial is preferred for a Mg-cube (Mgg) and one filled polyhe-
dron (Zg or Zny,), but preferably both.

ZsMoZy and zZgMgZy show that Zn on the faces of an Al cell
is more favorable than remaining in arbitrary solid solution, but
that an interstitial is unlikely. With Mg on corners (ZgMgZ;) the
cluster energy improves significantly and an interstitial (zZgMgZg)
becomes favorable. This indicates that the interstitials are conse-
quences of the TCO and not nucleation points. With an interstitial
in ZgMgZ,4, three configurations of iZgMgZ,, are obtained with
similar and overall lowest formation enthalpies. Despite a higher
Zn/Mg ratio, zZ3MgZy4 and zZgMgZq, have comparable formation
enthalpies. The reason is likely due to lower symmetry, as the in-
ner octahedron Z3 conserves only one (3-fold) symmetry axis.

3.5. Stacking of cluster units

Having established that the three most energetically favourable
cluster units are of type iZgMgZ,4, they were subsequently used
to investigate the stability of larger clusters. The two stacking
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Fig. 5. Schematic illustration of the TCO unit stacking principles [002], (330) and (411) observed in the clusters. Note that the stacking causes certain atoms to be shared:
two TCOs share 4, 2 and 2 positions, respectively, lowering the overall Zn/Mg ratio as compared to one TCO unit embedded in an Al matrix alone. The shared atoms are

emphasised with black circles in the figure.

principles most frequently observed, [002] and (411), were used
for the models, as shown in Fig. 5. A cluster of four units with
(411) connections is shown in Fig. 6a. Two calculation supercells,
4 x4 x 2and 6 x 6 x 2 Al cells, were used for the [002] and
the (411) stacked clusters, respectively. The calculations were done
with Zn both fully and semi-occupied in the TCO shells. The re-
sults are marked by diamonds in Fig. 4 and labelled ‘{002] Stacked
clusters’ and ‘(411) Cluster’. Based on the calculations, it can be
concluded that clusters stacked along [002] are more energetically
favourable than single cluster units embedded in the Al matrix.

Moreover, by connecting the [002] stacked clusters in a (411) man-
ner the lowest formation enthalpies are obtained for models con-
taining an interstitial, which is in accordance with the analysis of
HAADF-STEM images presented in Fig. 3.

The Zn/Mg ratio in the APT measurements was seen to ap-
proach 2 for larger clusters. In an infinite string of [002] con-
nected units every unit shares 8 atomic positions. Thus, for the
Zn completed cluster with Zn interstitial (zZgMgZ,4), the num-
ber of Zn in the outer shell (Z,) is reduced to 20, which results
in an overall composition MggZny;. The sharing of atoms due to
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Fig. 6. a, [001] projection of zZgMgZy4 cluster units connected in a (411) square embedded in Al b, Simulated NBD pattern of a. ¢, HAADF-STEM of a cluster in Alloy #2. d,
FFT of c. The intensities of the simulated diffraction pattern in b match the intensities found in the corresponding FFT in d.

stacking is emphasised in Fig. 5 by black circles. Connecting four
2ZMgZy4 units in a (411) square, means that for each unit 4 TCO
positions are edge-shared. Therefore, the cluster zZgMgZ,4 in an
infinite stack of rings shares 12 atoms with neighbours and ‘re-
duces’ to zZgMgZg (MggZn,s). This Zn/Mg ratio (3.1) is still high
compared to APT measurements. Although the calculations showed
that single clusters prefer high Zn/Mg ratios, this suggests that the
TCO and/or inner octahedron contain Al. HAADF-STEM image sim-
ulations (Supplementary Fig. 4.) support this: the intensity of the
atomic columns belonging to the TCO and octahedron varies in the
real images, whereas in the simulated image the intensity is con-
stant due to constant amount of Zn in each column. Our models
overestimate the Zn content as the atomic columns in the cluster-
matrix interface in the simulations are consistently brighter than

in the experimental images. Phases taking Frank-Kasper structures
are known to have flexible compositions [50]. The APT data and
simulated HAADF-STEM images suggest that the Zn shells contain
substantial amounts of Al. Thus, we suggest that the TCO clusters
start out with full shells and higher Zn/Mg ratios. The availability
of Zn may be reduced during growth, meaning that the outer TCO
shell may have a higher fraction of Al, as is supported by the DFT
calculations and APT measurements.

In addition, some clusters were found to connect along the
(330) directions, as exemplified in Fig. 3c. Models following this
connection principle are marked as ‘(411) — (330) Clusters’ in
Fig. 4 and the models consist of three single cluster units with one
(330) connection and two (411) connections. For this stacking, the
most favourable cluster is zZgMgZ,4, again demonstrating that a
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high Zn/Mg ratio is preferred. Furthermore, the higher pressure of
the (411) — (330) clusters compared to their (411) counterparts,
suggests that they are less favourable. This is in accordance with
our experimental observations.

3.6. Diffraction from a single cluster

The contribution from a single cluster to the weak SADP diffrac-
tion spots (cf. Fig. 1b), was investigated. Using the (411) connected
2ZgMgZy4 cluster with the lowest formation enthalpy, as shown
embedded in the Al matrix in Fig. 6a, NBD patterns were simu-
lated. A simulated NBD pattern for sample thickness, t = 40 A, is
given in Fig. 6b. Montages of diffraction patterns ranging from 4 to
320 monolayers (0.8 to 64 nm) are shown in Supplementary Figs.
5 and 6. NBD patterns were also simulated for clusters positioned
at different heights within the TEM sample (Supplementary Fig. 7).
In Fig. 6¢, a ‘Smart Aligned’ [28] HAADF-STEM image of a (411)
connected cluster is shown, acquired in Alloy #2 after 400 min ar-
tificial ageing (cf. Supplementary Fig. 1). By comparing the FFT of
Fig. 6¢ andd with the simulated NBD pattern in Fig. 6b, a strong
correlation, both in position and intensity is evident. Note that, al-
though Alloy #2 has been artificially aged, clusters are still present.
This is in accordance with previous studies [6,9,19,20,46].

The lower cluster symmetry along [001] relative to Al, is obvi-
ous in Fig. 6a. The cluster belongs to space group P41 (#76), with a
4-fold screw axis, which projects to a pure rotational axis. It means
that the cluster, as well as the diffraction pattern, will reverse the
rotation as viewed from the other side. By taking the average from
the two orientations, the resultant diffraction pattern is similar to
the SADP in Fig. 1b. This is shown in Supplementary Fig. 8.

3.7. Transformations

The hardening precipitates in the 7xxx system and the equi-
librium phase MgZn, have similar structures [14,16], facilitating
transformation to the latter. This work finds no structural simi-
larities between the GP(I) clusters and the precipitates. The clus-
ters can be nucleation sites for the precipitates, but are likely to
dissolve once hardening precipitates are established to fuel further
precipitate growth. Thus, a low formation enthalpy associated with
a cluster may delay, rather than assist precipitation. Future work
will investigate how effective the different clusters are in form-
ing the hardening phases. Better control of clustering has potential
benefits for improving mechanical properties. It should be noted
that an interstitial in the TCO produces a vacancy in the surround-
ing matrix, which could make the cluster more costly to produce.
In the calculations this is not accounted for. It has been suggested
before that some form of Mg clustering surrounding a vacancy is
crucial in the earliest stages [6,11]. The calculations indicate a path-
way: (1) Six Zn atoms occupies the centers of the Al cell, (2) eight
Mg atoms replace the corners, (3) an interstitial is produced by a
jump from a side to the cell center and (4) The side center is re-
placed by another Zn atom, and produces a vacancy that may be
trapped or escape into the matrix.

3.8. Relation to quasi-crystalline phases

The 7xxx alloy system is known for phases related to quasi-
crystals (QC) [51]. The complex R-(Al,Zn)49Mg3, phase [52] is a so-
called 1/1 approximant of the QC (cf. [53-55]) in addition to being
a Frank-Kasper phase [50]. We therefore compared the molecu-
lar unit of R with the clusters. Both are shell-structures, but were
found to differ fundamentally, both compositionally and struc-
turally. It cannot be ruled out that the TCO relates to the QC, such
as through a complex sharing, but this was beyond the scope of
the current work.
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4. Conclusion

To conclude, we have derived the structure of the clusters form-
ing during natural ageing in Al-Zn-Mg alloys. They are solute or-
derings on the fcc aluminium and essentially Frank-Kasper o -type
structures. The orderings have been explained as stackings in terms
of a near spherical solute-ordered unit. The unit is a three-layered
shell structure around an Al unit cell, which can take up an in-
terstitial during build-up: an octahedron formed by the six side
centres, a cube with Mg on the eight corners and the immediate
truncated cube octahedral shell with 24 atomic positions. The oc-
tahedron and the outer TCO shell are partially or fully occupied
by Zn, while the interstitial can take all three species. The intersti-
tial was found to be a product of the cluster rather than a nucle-
ation point. Three stacking principles are sufficient to explain how
the cluster unit builds larger clusters, which are all Frank-Kasper
structures. The partial occupancy of Zn yields a range of different
compositions with favourable energies, which is typical for Frank-
Kasper orderings. We expect our result to be significant in further
understanding and optimisation of age-hardening in aluminium
alloys.
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