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Precipitates in aluminium alloys
Sigmund J. Andersena, Calin D. Marioaraa, Jesper Friisa, Sigurd Wennera

and Randi Holmestadb

aSintef Industry, Department of Materials and Nanotechnology, Trondheim, Norway; bNorwegian
University of Science and Technology (NTNU), Department of Physics, Trondheim, Norway

ABSTRACT
Precipitation strengthening is a highly complex phenom-
enon on the nanoscale, responsible for providing strength
in Al-Cu, Al-Mg-Cu, Al-Mg-Zn and Al-Mg-Si alloys. Advances
in methodology, especially high-angle annular dark-field
transmission electron microscopy and atomistic calculations
provide fundamental insights into the mechanisms behind
precipitation. We are beginning to understand how solute
elements form precipitates from the Al matrix and how
structures relate. Examples are Ω, η’ and η-phases of Al-Cu
and Al-Mg-Zn, where solute organizes in similar supercells in
the aluminium lattice. In Al-Mg-Si and Al-Mg-Cu, discovery
of 1D Guinier–Preston zone aids understanding of precipita-
tion and growth in the two systems.

Abbreviation: 1D: one-dimensional, 3D: three-dimen-
sional, Cs – probe: Spherical aberration corrected electron
probe, DFT: Density functional theory, eV: Electron volt, FCC:
Face centred cubic, FEG: Field emission gun, GP: Guinier-
Preston, GPB: Guinier-Preston-Bagaryatsky, HAADF: High
angle annular dark-field, ISMEAR: First order Methfessel-
Paxton for smearing, NN: Nearest neighbour, Occ:
Occupancy, PAW: Projector augmented wave method, PBE:
Perdew-Burke-Enzerhof, STEM: Scanning transmission elec-
tron microscopy, TEM: Transmission electron microscopy.
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Introduction

Aluminium and discovery of precipitation/age-hardening

Aluminium is the most common metal in the earth’s crust [1], its production
ranks second only to iron. The primary production in 2016 was 60 million
metric tonnes [2], using 3%of theworld electric supply. Initiallymore expensive
than gold, aluminium became a commodity around 1900. Poor strength was a
problem. In 1909, Alfred Wilm patented Duralumin – the first age-hardened
aluminium alloy, containing about 4 Cu, 0.5–1.5Mg and 0.5–1Mn (wt%) [3,4],
which more than doubled the strength. Recent analyses found that the Wright
brothers already had enjoyed the strengthening benefits for the first flight in
1903, since the aircraft engine parts used cast Al-8%Cu, which had been age-
hardened, although probably inadvertently [5].

Small amounts of solute elements like Mg, Si, Cu and Zn define the various
alloy systems. To optimise and prevent failures, products are manufactured
according to strict procedures and heat treatments (c.f. [6,7]). Getting
precipitation wrong is easy, as both processing and temperature history
influence the small precipitates that are responsible for the hardening.

A first step is dissolving the solute in Al in the single-phase region.
Figure 1 shows the Al-side of the Al-Cu phase diagram [8], which can
represent the general precipitation-hardened alloy. The circle shows that
for an Al-3.5Cu alloy, all Cu dissolves at 550ºC. Max solubility is 5.65%,
while just 0.04% Cu dissolves in Al at room temperature (RT). The shaded

Figure 1. Al-side of the Al-Cu phase diagram [8]. Fast cooling of Al-3.5% Cu alloy from single-
phase 03B1 region (arrow) creates a large supersaturation of Cu at RT, whereby precipitates
can form. Grey region indicates Cu amount in Duralumin alloys.
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area shows the Cu limits for Duralumin. Fast cooling to RT freezes the
high-temperature state, preventing the equilibrium θ-Al2Cu from forming,
rendering the alloy in supersaturated solid solution (SSSS). This state is
highly unstable even at RT. Initially, Cu atoms diffuse and form ordered
regions caller Guinier-Preston (GP) zones. With time and higher tempera-
ture metastable precipitatesare observed. Higher temperature and time
produce θ-Al2Cu - a structure determined in 1927 by Friauf [9] and
confirmed by single-crystal X-ray diffraction [10].

Vacancies

To form precipitates, vacancies are required. The SSSS comprises excess
solute and vacancies. Experiments and calculations estimate 1 vacancy per
100 solute atoms at 550ºC [11]. At a typical ageing temperature (185°C),
this fraction reduces to ~10−5, and to 10−10 at RT. Quenching from 550°C
produces a tremendous vacancy surplus at RT, increasing diffusion. As a
result, solute clusters form at RT, which can be verified by a slowly
increasing hardness [12] – a process called natural ageing. Vacancies
may form clusters [13] and dislocation loops [14–16]. They attract solute
and result in coarser, fewer particles, an effect which lowers strength, and
can be severe in alloys [17] low in solute. Some elements attract vacancies,
thereby ‘catalysing’ nucleation [18,19]. For example, first principle calcula-
tions find binding energy to increase as Cr, Mn, Li, Fe, Mg, Al, Cu, Zn, Si
and Ge [19,20]. It is therefore not surprising that Si and Ge increase
precipitation of θ’ in Al-Cu alloys [19,21,22]. Ge in Al-Mg-Si increases
strength by giving higher numbers of finer precipitates [23,24].

Atomic size, solid solution, strengthening and ordering

Solute atoms are lattice defects in Al, causing local strain and (solute)
hardening. As shown by first principle calculations, Si, Cu and Zn are
smaller atoms in Al, causing local contraction in aluminium, while Mg
and Ge expand it [19,20]. It suggests that the difference in local strain energy
can be reduced by smart arranging of small and large atoms. As explained in
the following, strain alleviating arrangements may explain many of the early
precipitates in Al-Mg-Cu and Al-Mg-Si [25–29]. Although solute strength-
ening is important, such as in Cu-Sn alloys (which came to define the
Bronze Age [30]), it is a secondary mechanism in precipitation-hardened
alloys. However, it is exploited in the Al-Mg (5xxx) alloys, where near 6 wt%
Mg can dissolve [31]. The expansion or contraction in solid solution was
originally believed to be linearly dependent as predicted by Vegard’s law
[32], but the law represents the exception [33]. For example, Mg exhibits
complex solute orderings that are not well understood. In Al-Mg alloys, Sato
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reported a specific ordering in Al, called L12, as well as directed solute
concentration waves called spinodal decomposition [34]. The ordering is
likely to interact with the precipitation processes at the nanoscale.

The phases in the equilibrium-phase diagram

Precipitates are typicallymetastable and cannot exist outside the Al lattice. In
Al-Cu, the θ-Al2Cu phase is stable. Slow cooling can lead to large particles.
Larger, second phases nearly always constitute a problem. They reduce the
potential of the solute and can give corrosion problems in grain boundaries
[35]. Al-Si alloys (with the only second phase of silicon in diamond structure)
are often considered an exception. The alloys are popular for the automotive
and aerospace applications [36] and the 3D printing technologies.

From SSSS to equilibrium phases – a sequence of metastable precipitates

Decomposition of the SSSS state takes several stages. By combining atom probe
microscopy, positron lifetime measurements and microscopy on the RT-stored
Al-Mg-Si alloys [12], it was suggested Si forms initial clusters, attracting slower
Mg atoms, causing co-clusters to form, which then further grow into Guinier–
Preston (GP)-zones. Calculations of semi-cells of β″ (structurally close to GP-
zones) support this [37]. The zones are replaced by a sequence of metastable,
semi-coherent phases, with lower energy. Gradually, as coherency with Al is
lost, precipitates become fewer, larger and may turn into the incoherent stable
particles. It is seen as their shapes become more equiaxed.

Methodology

For results described here, high angle annular dark-field-scanning trans-
mission electron microscopy (HAADF-STEM) images were obtained in a
spherical aberration CS-probe corrected JEOL ARM200F, with a cold field
emision gun (FEG) at 200 kV high voltage, probe size 0.08 nm and an
inner collector angle 50 mrad. Precipitates are shown in aluminium zones
<100> and <211>.

Density functional theory (DFT) is very important for understanding
solute behaviour and phase stability [38–44]. We show calculations of
energy change from arbitrary solid solution of Mg, Si and Cu to ordered
1D, infinite GP-zone in the Al matrix. The Al lattice parameter used for
the calculations is based on a relaxed 4 × 4 × 1 unit (64 atoms) aluminium
supercell (at zero Kelvin). The Vienna ab initio simulation package [40,41]
was employed for DFT calculations [42,43], using the projector-augmented
wave method within the PBE generalized gradient approximation. The
plane-wave energy cut-off was 400 eV. For all calculations, gamma-centred
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k-points were used, with maximal k-point distances of 0.25 Å−1 in each
direction. The electronic accuracy for self-consistent loops was set at
10−6 eV. The atomic positions were relaxed to a maximal force of
0.001 eV/Å between atoms using first-order Methfessel-Paxton for smear-
ing of partial occupation (ISMEAR) and a smearing factor (SIGMA) of 0.2.
Separate calculations were performed for more accurate energies using the
tetrahedron method with Blöchl correction for the smearing.

Precipitates in Al-Cu-(Mg/Zn) alloys

For Al-Cu, the sequence of precipitation phases is given as [5,44–46]:

SSSS ! solute clusters ! GP1 ! GP2ðq00Þ ! q0 ! q ¼ Al2Cu

In principle, the GP-zone structure in binary Al-Cu alloys is simple: Cu
replaces Al atoms in a region of a {100} plane called ‘GP1’ or ‘GP-I’ zone [5].
Figure 2 shows that such GP-zone is not unique to the binary Al-Cu alloys:
Here, it forms in the alloy Al-0.7Mg–0.8Si with 0.5 wt% Cu, which was heated
15 min at 200°C. At the Cu plane, a (screw) dislocation can be seen. That such
planes exist in Al-Cu alloys [46] means they are stable without Mg.

The second phase in the precipitation sequence is the GP-II zone (θ″).
Ideally Al3Cu, it consists of two or more Cu planes in parallel (separation
4 = 8.1 Å), i.e. replacing every fourth Al-plane [46–48]. Atom probe
experiments [44,49] and recent calculations find less than expected Cu
[44], meaning the GP-II structure is unclear. Figure 3 (lower right) shows
an example of a GP-II zone. A recent work detected Cu ordering also
between the Cu planes [50]. Monte Carlo ab-initio bulk simulations in
dilute Al-Cu alloys support a stepwise development [51], but the Cu
occupation of matrix positions in the substituted planes of GP-I and GP-

Figure 2. <001>Al projection of Al-Mg-Si-Cu alloy (aged 15 min at 200°C). Bright columns
show a Cu-plane (GP-I zone) at a screw dislocation (D). A (dotted) loop reveals the burgers
vector (~b).
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II zones is still unclear [44]. The third step is the θ’ phase, also a platelet
with composition Al2Cu [52]. Like for GP-II, Figure 3 shows that two Cu-
planes define the dAl200 interfaces, with seven planes between (five {010}Al
planes). Relative to the Al lattice, the θ’ cell spans two Al cells, but contains
just six atoms, which means it contains two vacancies, relating to inter-
stitials, seen in the insert in Figure 3, top right. They are ‘missing’ atoms in
the one-forth and three-forth height, with respect to the Al lattice, which
means that this phase consumes vacancies. The interstitials can be occu-
pied, as is clear from the interface planes, of which both Al and θ′ claim
ownership. A transformation from GP-II to θ′ requires replacement of two
Al atoms by Cu and two more by vacancies. The θ′ phase is therefore an
ordering of solute and vacancies and shows both are building blocks of the
precipitates. It has recently been shown that Cu makes use of the inter-
stitials to form complex superstructures [53].

The equilibrium phase θ-Al2Cu is alone on the Al-rich side of the
equilibrium-phase diagram (Figure 1). It forms by slow cooling or heating

Figure 3. <001>Al projection of Al-5Cu alloy heat-treated 2 h at 185°C, showing θ″ (GP-II)
zone and θ′. The two Cu planes of θ″ contain three {010}Al planes. Interface planes of θ′ have
only Cu, relating to (filled) interstitials. Each θ′ cell has two vacancies relative to matrix, one
per Cu-plane (at ¼ and ¾). θ′ visibly contracts the lattice, as c is ~4.6% smaller than in the Al
super cell.
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at higher temperature. Being incoherent, it contributes little to hardening.
It is tetragonal (I4/mcm) with a = b = 5.9875 Å and c = 4.807 Å [54,55].
The structure differs significantly from θ′ and is more densely packed. A
variant is the orthorhombic Ω-Al2Cu phase (a = 4.96 Å, b = 8.56 Å and
c = 8.48 Å), only occurring with additions of silver [56–59], with Ag-free
bulk structure. Coherence in the aluminium is described by the supercell
a = 6dAl4�2�2= 4.96 Å, b = 6 dAl02�2= 8.59 Å and c ~ 4dAl111= 9.35 Å. Growth occurs
along the normal [001]Ω || [111]Al, i.e. with poor coherency. It is impor-
tant because it shows how precipitation in alloy systems connects.

Atom probe studies conclude that the Ω-phase nucleates from a GP-zone
in Al-Cu-Mg-Ag alloys, a platelet containing all solute elements on {111}Al
planes. It is overlaid by a thicker plate of bulk composition Al2Cu [58,59].
Figure 4(b) gives an example in an Al-3Cu-1Mg-0.5Ag (wt%) alloy, heated
to maximum hardness (16 h ageing at 170°C after quench from (1 h)
solution treatment at 440°C). A part of a larger Ω-particle shown in
Figure 4(c) is of an alloy Al-4Zn-2Cu-1Mg-0.7Si after 1 h at 480°C, a quench
and 32 days ageing at 150°C. Cu and Zn replace each other (and Al) in these
structures. The interfaces between the particles and the Al matrix in
Figure 4(b) and (c) are clearly similar, although overlap with the Al matrix

Figure 4. (a) Ω-Al2Cu supercell in aluminium in [1-2-1] projection. (b-c) Two HAADF images of
Ω-plates edge-on. In (a), dotted ovals show how (pairs of Cu) columns in Al can merge to yield
the (high intensity) corners of the projected real cell. (Al occupy remaining positions.)
Orthorhombic (O) and rhombohedral (R) cell are projections of same six-atom cell, relatively
rotated. (b) A Ω-platelet structure, spanning 7 {111}Al planes in alloy Al-1Mg-3Cu-0.5Ag (wt%)
and two relatively rotated layers (O, R). (c) Lower part of a Ω-precipitate. Corners have double
occupation (×2). Right insert shows substitutions in various precipitate phases built by the
same cell.
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reduces the contrast of the image. However, the bulk structure is well known
[58]. Figure 4(a) shows the actual building block, or the smallest asymme-
trical unit of the supercell given above, along a < 211> Al direction. The
letters A, B and C to the left of the figure refer to the three identical, Al
planes of the face centered cubic (FCC) symmetry. The supercell in Al is
defined by type < 211> lattice vectors, and smallest periodic distance 4.96 Å.
With (111)Al as base plane, one set is { aAl2 1�21½ �; aAl2 11�2½ �; aAl

2 211½ �}, which
defines a rhombohedron. The two shaded cells in Figure 4(a) are projections
along two < 211> directions at 60º angle. (The second set related to the same
(111) Al plane is obtained by rotating around [111]Al.) Thus, the platelet in
(b) is formed by two layers of rhombohedra, relatively rotated 60º. The
alternation of layers does not always happen, as is obvious from Figure 6(c).
Here, in the normal Ω-phase, all layers take the same direction.

The Ω-phase can be explained as a displacive transformation from a
matrix ordering of Cu, with short displacements and equal number of
atoms. The supercell (Figure 4(a)) consists of six atoms. After ordering in
the Al matrix (preceded by Ag ordering on a {111}Al plane), two and two
Cu column segments should fuse, becoming the corner columns (pairs
within dotted ellipses). The Cu atoms end up above each other in the
< 211> viewing direction, with twice the Al occupancy, while the remain-
ing four Al-atoms undergo smaller displacements. This procedure explains
the bulk structure of the Ω-phase, composition and orientation. The inter-
face layer is an ordering of Cu on the outer {111}Al-plane. Since the
number of atoms over a coherent precipitate is conserved and Cu is
smaller than Al, size difference explains contraction of the precipitate.
No Ω-phase forms for high Mg/Cu ratio, even with Ag [60].

The same procedure explains the T1 phase in Al-Li-Cu alloys [61] and
the η′ and η-phases in the Al-Mg-Zn system [62], with slightly different
dimensions. In Figure 4(c), the different atomic species are indicated for
their typical positions in the supercell. In real precipitates, the single-
occupancy Cu positions sometimes show weaker intensity than expected,
which indicates Al incorporation. The intensity pattern is similar for all
these phases concerning the {111}Al interface layer, and is shown in detail
in Figure 5.

Although precipitates in Al-Mg-Zn are mainly plates with many orien-
tation relations [63], needles are sometimes observed. Figure 6 is an
example in a <2-1-1> Al projection in Al-8.5Zn-2.2Mg-1.9 Cu (wt%)
[62]. The rhombohedral cell found in Ω-Al2Cu, η′-MgZn2 and the T1-
phase is recognized. Two zinc atoms (×2) define a corner of a rhomb,
while single Zn atoms divide the edges. The rhomb encloses two inner
Mg atoms. In the orthorhombic projection, corners are the same, while
we see internal pairs of Mg and Zn. Compare with Figure 4(c). The
rhombohedra meet at the double Zn corners where they always form Zn-
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centred icosahedra. In Figure 6, the 10 atoms defined by two pentagons
(open/closed circles around a corner), plus 2 atoms on the corner yield
the 12 vertices of the icosahedron. The remaining Zn atom on the cell
corner axis defines the centre. In general, Cu partly occupies Zn-positions
[62,64].

All corners appear with fivefold symmetry, but only occasionally local
perfect fivefold axes exist. In Figure 6, the superposed pentagon indicates

Figure 6. [1-2-1] Al projection in an alloy Al-8.5Zn-2.2Mg-1.9 Cu (wt.%), along a heavily
faulted structure explainable by periodic stacking (in viewing direction) of columns of the
same rhombohedral supercell building η and η′ phase [62]. Local fivefold symmetry exists
around all the doubly occupied (×2) cell corners. A pentagon shows five rhombohedra sharing
a corner, forming a near-perfect pentagonal (icosahedral) symmetry. Lower arrows indicate
interface Zn atoms split a {111}Al plane locally outside corners, like shown in Figure 5(b).
Open/filled circles indicate different plane heights, while the doubly occupied corners have
two special heights. Cu is intermixed with Zn.

Figure 5. (a) The interface layer and the immediate Al (111) plane in [111] projection. Al
atoms are coloured black. The interface layer is a ‘split’ Al layer, with 2/3 of positions occupied
by a small atom (pink, medium-size atoms), like Cu or Zn (ideally 2.87 Å apart) and the
remaining positions by a larger atom (Mg, Li, Al). (b) The same in [−211] projection. Compare
with Figure 4.
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one. The lower arrow pair indicates the {111}Al interface plane is split
compositionally, as shown in Figure 5. Open filled/circles belong to two
different heights [62]. Similar rhombohedra are known to form non-periodic
icosahedral quasicrystals [65–67]. A number of different orientations of the
η′-phase can exist [63], reflecting the many ways the cell can be stacked. In
this particle, most rhombohedra lay in the (01–1)Al plane rather than in the
(111)Al plane (horizontal), which may prevent the plate shape.

Precipitates in Al-Mg-Cu and Al-Mg-Si alloys

Table 1 gives an overview of the most important precipitates occurring in
the two systems. Diamond Si may also be considered as stable in Al-Mg-
Si [68].

Al-Mg-Cu alloys are used in aircraft structures and for a range of other
structural applications [6,7]. The precipitation sequence (Figure 1) takes
two paths [26,69,70]:

SSSS ! solute clusters ! GP1 ! GP2ðq00Þ ! q0 ! q ¼ Al2Cu;
SSSS ! solute clusters ! GPB ! S00ð Þ ! S0 ! S ¼ Al2CuMg:

In Al-Mg-Si alloys the precipitation sequence is [71–73]:

SSSS ! soluteclusters ! GP ! b00 ! b0 ! b ¼ Mg2Si:

The phases are listed in Table 1 [74–88]. β′ [79] here also comprises U1
[75], U2 [77] and B′ [79,80], also called A, B and C [73]. These precipitates
can often be mixed [77,78].

Al-Mg-Si alloys are not as strong as most 2xxx and 7xxx alloys, but have
good formability, corrosion resistance, surface qualities, welding and
machining properties, which satisfy a range of structural purposes. For
both Al-Mg-Si and Al-Mg-Cu, the precipitates giving strength are needles,
rods or laths, along <100> Al.

Table 1. Precipitate phases in alloy systems Al-Mg-Si and Al-Mg-Cu.

Structure/~ideal composition Space group
Unit cell parameters

[Å]/[degrees]

Al Fm3m 4.05
β-Mg2Si [74] Fm-3m 6.35
U1-MgAl2Si2 ‘A’ [75] P-3m1 4.05, 6.74/120
β″- Mg4(AlxMg1-x)Si4 [29,76] C2/m 15.16, 4.05, 6.74/105.3
U2-Mg4Al4Si4 [77] Pnma 6.75, 4.05, 7.94
β′-Mg9Si5 [79] P63 7.15, 12.15/120
B′ ~ Mg48Al16Si36 [80,81] P63/m 10.30, 20.25/120
C – Mg4AlSi3.3Cu0.7 [82] P21/m 10.33, 4.05, 8.10/101.3
Q – Mg9Al3Si7Cu2 [83] P-6 10.30, 4.05/120
L~ MgAl0.32(Si1-xCux) [29] – 1D periodic (c = 405)
GP-Mg4(AlxMg1-x)Si4 [84] 1D periodic (c = 405)
GPB – Mg3Cu3Al2 [84–87] – 1D periodic (c = 405)
S′ – Mg4Cu4Al8 [88] Cmcm 4.05, 9.27, 7.12
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GP-zones and the β″-phase in Al-Mg-Si. Structures based on 1D defects

The needle-shaped β″-phase is the most important hardening precipitate in the
AA6xxx system. The structure was determined by electron diffraction as two
units of Mg5Si6 [76]. The monoclinic (C2/m) cell refined to parameters
a = 15.16 Å, b = 4.05 Å, c = 6.74 Å and β = 105.3°, a cell first reported by
Edwards et al. [72]. The unique b-axis is along the needle axis in a <100> Al
direction. Calculations later found it to contain aluminium [89,90], as con-
firmed by recent atomic resolutionmapping by energy dispersive x-ray spectro-
scopy [91]. A more precise bulk composition is therefore Mg4+xAl3-
xSi4, (x 2 0; 1½ �), near theMg/Si ratio found by atom probe field ionmicroscopy
[72,92]. The variant in Figure 7 has bases ajj 320½ � and cjj 1�30½ � in the (001) Al
plane, and b along [001] Al, which depend on size and composition, as
calculations indicate [90]. A supercell in Al matrix is:

aβ00 ¼ 13dAl3�20 14:60Åð Þ; bβ00 ¼ dAl001ð4:05ÅÞ and cβ00 ¼ 5dAl130 6:40Åð Þ:

Figure 7 shows the β″ particle as a very thin needle, with cross-section
consisting of few molecular units called ‘β″-eyes’. An ‘eye’ is a projected 1D
string of molecules, corresponding to Al FCC cells with Mg as corners, Si
at the four lateral face centres, an Mg or Al atom at the cube centre, and
two outer Al atoms (left/right sides). See detailed sketch in Figure 8. The
Al outliers are preferred sites for other atoms, such as Cu [29,93]. A ‘+’
indicates that the top/bottom face atom jumps to the FCC cube centre (i.e.
an interstitial position) towards a vacancy, which gets locked [94]. The
vacancy is required in the front to avoid too close atoms. The resulting

Figure 7. Cross-section of a small β″ precipitate in Al-1.2Si-0.3Mg-0.04Cu, aged 30 mins at
185°C. Four eye-like molecules span a semi-cell. The monoclinic b-axis is parallel with the
viewing <001> Al direction. A molecule is comparable with one Al cell (see Figure 8). High
intensity columns indicate Cu (also seen at the lower β″ interface).
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centre column is a 1D defect and a vacancy trap [94]. Calculations show
this column can consist of Mg or Al atoms [89,90], as well as experiments
[90,91]. The arrow in Figure 7(a) points to columns of higher intensity
(atomic number), here interpreted as Cu.

Figure 8 shows two magnifications of an image of with two β″-eyes in the
Al-matrix, arranged as the upper part of the β″ phase in Figure 7. Isolated 1D
strings in both Al-Mg-Si and in Al-Mg-Cu alloys have been detected by
HAADF [84,85]. Because of higher STEM contrast of Cu atoms, they are
only demonstrated in Figure 9 in an Al-Mg-Cu alloy. The arrows point out
two molecules. Referring to Figure 8(d) and the calculations in Table 2, here
Cu takes the place of Si. They relate to the Guinier-Preston-Bagaryatsky
(GPB) zones in Al-Mg-Cu determined by Kovarik et al., using HAADF and
ab initio calculations [86,87]. Recently, they were shown to be explainable by
connected pairs of isostructural molecules (eyes) as in β″ but with (different)
separation 5dAl210 [29], i.e. 1D defect pairs [29].

The precipitates shown in Figure 9 fit the definition of GP-zones in Al-
Mg-Si and Al-Mg-Cu [84]. The calculations in Table 2 assuming infinite
long columns support the observations, demonstrating low energy for six
compositions. Having the central column interstitial strongly reduces

Figure 8. <001>Al zone with two β″ eyes in projection. (Same alloy as in Figure 7, but aged
30 days at 90°C). (b) is (a) with overlay. (c) and (d) show higher magnification. Single eyes are not
shown. The two eyes connect along a < 320> Al direction, as for β″ (Figure 7), by triangularly
arranged Si columns (Si-network). Table 2 shows that Mg in the centre slightly lowers energy.
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energy. The most stable configurations are Mg4Si4Mg and Mg4Cu4Al with
interstitial Mg and Al columns, respectively. Needles without interstitial
defects are also possible, indicating they represent initial arrangements,
which capture a vacancy allowing the central column to shift. While Si
columns in one eye form a square, Figure 8(d) shows that the ones between
eyes arrange as rhombs/triangles. Figure 7 demonstrates that the Si-columns
between eyes arrange hexagonally. In fact, the common network of the

Table 2. DFT calculations showing stability for 12 (infinitely long) GP-zones
without/with the interstitial 1D defect, by formation enthalpy (energy change)
for 64-atom supercell (4 × 4 × 1 Al cells) and per solute. This means 8 or 9
solute columns per 64 infinite columns. The molecular embedded string is
Mg4A4B, where A is Si or Cu, and B is the centre atom (Al, Mg, Cu). ‘D’ in cell
composition says the centre column is interstitial (a defect). The solute
replaced columns Mg4Cu4 around an interstitial Al column
(Al56Mg4Cu4D) yield the most stable GP-zone. Without the defect,
Al56Mg4Cu4 ranges second worst. Note that Cu can be in the centre, as has
recently been observed for β″ [95].

Molecule
Mg4A4B Calculation cell composition

Formation
enthalpy (eV)

per cell/per solute

Mg4Cu4Cu Al55Mg4Cu5 −0.088 −0.01
Mg4Cu4Al Al56Mg4Cu4 −0.168 −0.021
Mg4Cu4Mg Al55Mg5Cu4 −0.308 −0.034
Mg4Si4Cu Al55Mg4Si4Cu −0.403 −0.045
Mg4Si4Al Al56Mg4Si4 −0.422 −0.053
Mg4Si4Mg Al55Mg5Si4 −0.720 −0.080
Mg4Si4Al Al56Mg4Si4D −1.233 −0.154
Mg4Cu4Cu Al55Mg4Cu5D −1.352 −0.150
Mg4Si4Cu Al55Mg4Si4CuD −1.360 −0.151
Mg4Si4Mg Al55Mg5Si4D −1.411 −0.157
Mg4Cu4Mg Al55Mg5Cu4D −1.459 −0.162
Mg4Cu4Al Al56Mg4Cu4D −1.769 −0.221

Figure 9. HAADF image of an Al-3 Mg-1 Cu alloy (wt%) [60], heat-treated 1 min at 170°C.
Arrows point out two independent 1D GP-zones consisting of four columns each of Cu and
Mg, isostructural to the 1D zones in Al-Mg-Si as shown in Figure 8, with Si replaced by Cu.
Calculations in (Table 2) indicate Al centre and ratio Mg/Cu = 1.
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precipitates reflects that Si atoms form connected square-based pyramids,
with bases on the (100) Al plane [84,85]. In β″, they are edge-connected.
This suggests how transformation from a GP-zone to β″ takes place: Si
gradually fills the matrix columns outside the particle ideal for making
pyramids, extending the Si network (see below). It may mean a lower
particle Mg/Si ratio exists during growth than the bulk value shows, sup-
porting the Mg5Si6 measurements [76].

Precipitates, column rules and nearest neighbour numbers

In precipitates in Al-Mg-Si and Al-Mg-Cu, columns identified with larger Mg
atoms generally are surrounded by five columns for both planes, columns of Si
and Cu atoms show a threefold surrounding, while aluminium has fourfold
column surrounding [29]. Exceptions exist only for the less coherent precipi-
tates (β, β′ and U1), although the same rules apply in the interface. The reason
can be found with the β″ molecule (GP-zone) in Figures 7 and 8. When (a
segment of) the <001>Al centre column shifts dAl002 to the next plane (atoms
move to interstitial positions), four surrounding columns obtain fivefold
surroundings (15NNs) and four others threefold (9NNs). Since larger atoms
(Mg) prefer high NN numbers and smaller atoms (Si, Cu) lower, this decom-
position of Al reduces strain. The resulting symmetry gives the observed
single β″-eye or GP-zone, each eye locking one vacancy.

In Figure 10, we show the structure of the S′ phase interpreted by the column
rules. The main boundary of S′ is the a-b plane parallel with a {210} Al plane. S′
is orthorhombic with space group Cmcm (No. 63). The stable version has
parameters a = 4.0119 Å, b = 9.265 Å and c = 7.124 Å [88,96,97]. The image
shows the b-parameter nearly equals aAl 2�10½ �, i.e. 10dAl4�20 = 9.06 Å. The ideal
parameter is 2.3% larger, which could mean expansive strain along bS′. As the
particle grows, the contribution to energy from the interface loses significance,
and the structure becomes less dependent on the Al matrix. The column rules
originate with the Al matrix, and should apply best for the smallest metastable
phases.

Precipitates in the Al-Mg-Si-Cu system and the Si-network

With Cu in the alloys, the Al-Mg-Si precipitation sequence changes consider-
ably.With increased amount of Cu,U1,U2 and B′ disappears, as well as β′ and
β″. In Mg-richer alloys with Cu, the β″ phase is replaced by the disordered
L-phase [23]. The precipitation sequence has been reported as [98–102]:

SSSS ! soluteclusters ! GP ! β00; L; S;C;QP;QC ! β0;Q0 ! QðβÞ
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These coherent phases follow the set of column rules discussed above
[29]. However, for the ideal structures of all the precipitates of the Al-Mg-
Si alloys based on solute Mg and Si (and Cu), an additional condition
applies. Viewed along the main extension of the precipitates (<100>Al),
three neighbour Si-columns form a triangle with ~4 Å edge, i.e. a hexago-
nal arrangement around another column. These triangles join and build
the ‘Si-network’ [103,104]. Since the columns refer to the two different
planes (heights), the Si sub-lattice itself is usually not truly hexagonal. The
precipitate structures can all be explained as built on this network.

If columns between form no particular arrangement, in projection, a
basic hexagonal cell a ~ 4.0 Å, c = 4.05 Å appears [103–105]. This is the
phase reported as QP [100–102,105]. The network geometry had been
investigated by Cayron et.al. and called ‘QP-lattice’ [102,105], but not
linked to columns of Si as precipitate structures were unknown and the
high-resolution HAADF-STEM techniques were unavailable. It was
explained by ‘sub-unit triangular clusters’ and used for building average
models of β′ (c = 4.05 Å) and the QC phase. The L-phase is lath or plate-
like. It is disordered on an ordered Si-net, but still follows the column rules
[29,101,104]. It is probably what was described as a type on the QP lattice

Figure 10. (a) Structure of S’-MgCuAl2 phase along a-axis (a = 4.05 Å) illustrates column rules.
Large to small disks are Mg, Al and Cu. Polygons show five-, four- and and threefold
surrounding column symmetry. The two heights in the viewing direction (white and dark
fill) align with Al-planes (z = 0, ½). (b) HAADF of <001>Al projection of Al-3Cu-1Mg (wt%)
heat-treated 11 days at 170°C, with Al-embedded S’ plate along its coherent a-axis. (c) Detail
of particle in (b) partly superposed, showing consistent column arrangement/symmetry
around columns across the particle. The same applies to all coherent precipitates in Al-Mg-
Si and Al-Mg-Cu system. The interface is a ‘fence’ of alternating Mg and Cu columns.
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[102,105] and called ‘QP2ʹ in a recent work [106]. It is a hardening phase,
but more temperature resilient than β″ [23]. The S-phase (not to be
confused with S′ in Al-Mg-Cu, see Figure 10) is a disordered Cu-contain-
ing β′-variant on the network with normal orientation [101]. QC – a
simpler, β′-variant which is common with Ag [107] – can also form with
Cu [105], and the (6.7–7 Å) hexagonal basis is smaller than for ordinary β′
[79]. C is a plate-like Cu-containing monoclinic structure, often with
inhomogeneous distribution [82,101]. The Q′-phase appears with over-
ageing. It is considered isostructural with the equilibrium phase
Q-Mg9Al3Si7Cu2 [38,83].

In the network, a column between Si columns is never Si. However, Cu
can replace Si. This is the reason in Table 1, that the Si (+ Cu) content in
the precipitates roughly amounts to one-third. In β′-Mg18Si10, an extra Si
atom per three cells gives a slightly higher content (0.36). The higher
occupancy in the corner is clear from Figure 11(a). In Figure 11(b), the
overlay identifies the network and shows that the (upper) interface consists
of a layer of the hexagonal U1-MgAl2Si2 phase (a = 4.05 Å and c = 6.74 Å).
It is interesting because of a high Si/Mg ratio and a growth direction
normal to its hexagonal axis, giving a slightly deformed Si network relative
to the matrix by columns along <100>U1 [75]. Figure 11 shows that the
column rules only apply in the outer interface, i.e. about the columns
forming the usual Mg-Si column band (indicated by a black wavy line).
The U1 and β′ phases depend less on the matrix. The conserved column
symmetry of the outer interface structure suggests that the lateral growth

Figure 11. Alloy Al-0.7Mg-0.35Si-0.1Co (at%) aged 67 h at 200°C. (a) A β′ rod demonstrates
the Si network with increased intensity for corners (4 Si atoms per 3 in other columns). (b)
Overlaid region with β′ interface along <310>Al direction. U1 interphase bridges β′ to the
matrix and ends it with the normal Mg-Si alternating column interface. Column rules apply
only in the interface of these less coherent phases. In the upper right unit cell of U1, the
rhomb signifies a projected octahedron (two pyramids base-to-base) – the basic unit in the Si-
network, Mg2Si and diamond Si.
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takes place via the same decomposition mechanism as described above.
The indicated rhomb in the upper, right U1-cell defines the projected unit
of the Si-network. In 3D, it is a Si octahedron (two square-based pyramids
put together base-to-base) [84,85]. The octahedron exists in the equili-
brium-phase β-Mg2Si as well as in diamond silicon. This indicates that the
Si network is a preliminary construction with the goal to form the low-
energy phases diamond Si and/or Mg2Si, when limited to the Al matrix. It
can be shown that every Si atom in all Al-Mg-Si precipitate structures is a
vertex of such Si pyramid.

The network exists also in β″, as recently demonstrated in reference 29. Cu,
Ge, Zn and Ag have been observed to substitute Si. Ge generally makes β″
disordered. It stabilizes hexagonal network β′ fragments [108–110] and changes
the stacking of the β″ units, producing new variants of β″-phases [24]. A recent
paper discusses effects of incorporation of impurity elements in β″ [85].

Fragments of β″, U2 and β′ are frequently found in the same needle
[29,77,105]. Figure 12 is an example of disorder [78] with square GP-
units. Assuming unmixed columns, Figure 12 yields a composition
Mg72Si71Al43X15, where ‘X’ signifies number of missing columns relative
to the aluminium. The column rules and Si-network suffice to explain
this very disordered structure. The outer ‘fence’ of alternating columns of
small and big atoms, with surrounded five- and threefold symmetry, even
for disordered and partly incoherent phases (Figures 10 and 11) directly
point to the defect decomposition mechanism operating at the interface.

Conclusions and perspectives

We have reviewed structures of the essential metastable precipitates for
hardening in four important commercial aluminium alloy systems; Al-Cu,
Al-Mg-Cu, Al-Mg-Zn and Al-Mg-Si and demonstrated how they relate via
simple orderings and supercells in the Al matrix. Some new results are
included, by high-angle annular dark-field electron microscopy and den-
sity functional theory calculations.

A rhombohedral unit – is a cage of four Zn and two Mg atoms is the
basis of the plate-like η′ and η-MgZn2 phases in Al-Mg-Zn alloys forming
on {111}Al planes, and explains even disordered needles in the alloys.
Isostructural units exist for the Ω-Cu2Al phase in the Al-Cu-(Mg) system
with Cu replacing Zn, as well as for the T1 phase in the Al-Li-Cu. The
rhombohedral unit is essentially a supercell in the Al lattice spanned by
three vectors along <211>Al directions. Challenges in these systems
include understanding the rhombohedral unit better, why it is preferred
over single Cu-planes in Al-Cu and Al-Cu-Mg, details of its formation,
stability, its flexibility regarding various elements, how units are added and
how it connects to quasicrystals.
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The early stages in Al-Mg-Si and Al-Mg-Cu systems have isostructural
GP-zones being 1D strings along <100>Al, identical to the eye-like units of
the β″-phase, where Cu can replace Si.

Calculations show GP-zones can take different compositions, the most
stable being Mg4Si4Mg and Mg4Cu4Al, with Mg and Al as central inter-
stitial columns. Solute clusters for the GP-zones are likely short defect-free
needles using a vacancy to produce a central interstitial column. The
interstitial column splits the surrounding matrix in columns of different
NNs, effectively explaining the solute distribution in GP-zones. Each 1D

Figure 12. (a) Cross-section of disordered precipitate needle in a commercial 6060 alloy, aged
5 h at 190°C. (b) With suggested overlay. Upper part shows partly coherence along <310>Al.
Grey squares are individual β″ molecules (GP-zones). The (projected) Si-network is indicated
by yellow lines. Atoms/heights may be inferred by network (Si-columns), spacing, intensity
and a consistent column symmetry (Mg: fivefold, Si: threefold and Al: fourfold). The interface
reflects that of a general coherent precipitate in Al-Mg-Si; i.e. a surrounding wall of alternating
Mg and Si columns along the needle <100>Al direction. Open/filled symbols reflect the two
{100}Al plane heights.
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string traps one vacancy. The defect describes a new decomposition
mechanism, which needs to be investigated. The vacancy trapping means
the numbers depends on the amount of quenched-in vacancies in the alloy.
To each trapped vacancy corresponds one interstitial defect. The defect is
the real source of strain in a β″ precipitate and in a GP-zone. Challenges
involve understanding lateral growth of β″, and how material strength
relates to such defects, and whether ways to increase their numbers. For
example, how is the number of defects limited by quenched-in vacancies?
It relates also to the Al-Mg-Zn alloys, as no vacancies are locked in the
basic units, which could be behind the greater amount of useable solute in
these alloys.

In all metastable precipitates of these two systems, Mg, Al and Si/Cu
define columns along the main <100>Al precipitate extension with five-,
four- and threefold column symmetries, even in disordered precipitates.
All are explained by the same mechanism. Less coherent phases with
bulk structures not following the column rules are surrounded by a wall
of alternating Mg-Si- or Mg-Cu-replaced <100>Al columns, which do
obey the rules. It indicates this is also the mechanism for lateral growth.
It offers a new way to investigate growth and dissolution in these
systems.

The Si-network in the Al-Mg-Si system is explained in terms of
square-based Si-pyramids forming in the matrix, which join either
base-to-base (octahedrons) as in diamond silicon, U1-MgAl2Si2 and β-
Mg2Si, or edge-to-edge as in β″ and most other phases. Thus, the Si-
network is specific for this system. The tendency of silicon to form
pyramids or octahedrons in the Al matrix determines the Si network
positions relative to the Al lattice. i.e. in precipitates in the Al-Mg-Si
system, the tendency to form another pyramid influences the next
column that will become an interstitial defect column. In Al-Mg-Cu,
there is no similar tendency; thus, only the column rules are observed.
The network is undisputable. How it forms can now be investigated in
terms of the pyramids. In β′ and B′, the network is special, as more Si
exists in the 00z columns. A challenge is to understand how Si pyramids
are distributed in these phases.The hardest challenge is probably to get a
proper understanding of the very early stages, ordering of solid solution
and how it leads to precipitation [84].
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