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Abstract

This work reports a novel effect of impurity element Cd on enhancing the precipitation kinetics
and increasing the peak hardness of Al-Mg-Si(-Cu) alloys during artificial ageing. It is found
that the number density of age hardening Mg-Si(-Cu) precipitates is greatly increased by Cd
addition (~0.06 at.%) at both the under-aged and peak-aged stages. A systematic study on the
precipitation behaviour by high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) shows that most Mg-Si(-Cu) precipitates in the Cd-containing
Al-Mg-Si alloys are associated with Cd-rich precipitates and have highly disordered structures.
It is also found that the formation of Q'/C-like sub-units in Mg-Si(-Cu) precipitates is
significantly prompted by Cd additions. To explore the nucleation mechanism under the
influence of Cd addition, atom probe tomography (APT) is applied to study the solute

clustering behaviour in the early stages of artificial ageing, and density functional theory (DFT)



calculations are used to evaluate the binding energies of different solute-vacancy complexes

and therefore the formation kinetics of Mg-Si-Cd clusters.

Keywords: Precipitation; Al-Mg-Si alloys; High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM); Atom probe tomography (APT); Density

functional theory (DFT)



1 Introduction

6xxx Al-Mg-Si alloys are widely applied for structural purposes, such as in the automotive,
aviation, marine and nuclear industries. As age-hardenable Al alloys, they are featured by a
significant increase of hardness during artificial ageing (AA) at 160-200 °C [1-3] via the
formation of a high density of nano-sized, (semi-)coherent, metastable precipitates [4]. The

generic precipitation sequence of ternary Al-Mg-Si alloys is proposed as follows [5-20]:

Supersaturated solid solution (SSSS) — atomic clusters — Guinier-Preston (GP) zones — "

— p', Ui, Uz, B' > B, Si

Among these phases, " phase (SisMgsxAlx+x (x=0, 1)) is the most effective strengthening
phase in Al-Mg-Si alloys [2,9,10,12,13,20-26]. It has a needle shape with a C-centred
monoclinic structure (C2/m, a = 1.516 nm, b = 0.405 nm, ¢ = 0.674 nm, = 105.3°, see Figure
1(a)) [2,12,13,27-29]. GP zones are also believed to have a contribution to the strength, but to
a lesser extent [6,23]. Atomic clusters, as the precursors of GP zones and f”, set the initial
conditions for the precipitation of the latter two phases in terms of composition and number

density, and therefore plays a critical role for the age hardening response of alloys.
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Figure 1 Schematic illustration of the unit cells of (a) " [2] and (b) Q' [30]. The characteristic eye-like sub-units in " are
marked by yellow dashed circles, the characteristic triangular sub-units in Q' are marked by red dashed triangles.
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A large number of studies have focused on manipulating the precipitation behaviour to increase
the number density of " precipitates. Modifications of the heat treatment, such as pre-ageing
[7,10,24,31-33] and interrupted quenching [34,35], have proved to be beneficial to the
formation of effective atomic clusters for the later precipitation. Optimization of alloy
compositions by decreasing Mg/Si ratios brought about a faster ageing response and a slower
over-ageing response owing to a finer distribution of " precipitates [23,36—39]. There are also
many studies about the effects of quaternary-element additions on the age hardening response
of Al-Mg-Si alloys, such as Cu [39-48], Li [49,50], Ag [51-53], Ge [52,53] and Zn [54,55]. It
has been demonstrated that the improved age hardening response of Al-Mg-Si alloys with
quaternary-element additions are closely related to the modified precipitation sequences
[42,49,52-56]. For example, additions of Cu to Al-Mg-Si alloys have been revealed to bring

about significant changes in the precipitation sequence as follows [4,57]:
SSSS — atomic clusters - GP zones — ", L, S, C, QP, QC - ', Q' — Q

The addition of Cu suppresses the precipitation of £” and prompts the formation of the
quaternary phases, such as L, S, C, QP, QC, Q' and Q phase [4,14,42,44,46,56-58]. The
metastable Q' phase is the coherent version of the equilibrium Q phase, and it has a lath shape
with a hexagonal structure (P6, a = b = 1.032 nm, ¢ = 0.405 nm, y = 120°) and a composition
of AlxMgi2xCu2Si7 ((3 < x < 6)) [4,14,42,44,56,59], see Figure 1(b). For other quaternary-
element additions, it was reported that Ge substitutes some of the Si sites in ", which may be
due to the similar electronic properties of Ge and Si [52,53]. Li preferentially occupies Mg3
sites in " [49]. Zn shows a weaker preference for certain atomic sites, and a partial occupancy
on Al/Si3 sites was proposed [54,55]. Ag atoms are often observed at the incoherent
precipitate/matrix interfaces or are incorporated into £’ precipitates by replacing certain Si sites

[51,60]. Recently, a new Q'/C-like triangular sub-unit containing Ag at the Cu sites was



reported [53]. In general, with the quaternary-element additions, precipitates with disordered

structures will become more common.

Additions of impurity elements Cd, In and Sn have been reported to significantly increase the
strength of Al-Cu alloys due to the refined dispersion of 8’ [61-65]. However, the underlying
mechanism is still controversial [61-71]. It was recently found that a trace amount of Sn in a
6061 alloy could retard natural ageing (NA) up to 2 weeks [1] and thus reduce the detrimental
effect of NA on AA hardening response. Sn was suggested to possess optimal solute-vacancy
bonding energies which can trap vacancies at RT and release them at AA temperatures [3,72—
74]. In addition, it was also reported that Sn could improve the hardening response of Al-Mg-

Si alloys at high ageing temperatures (>210 ° C) [3].

In a previous study, we reported that a minor addition of 0.06 at.% Cd in an Al-Mg-Si alloy
can significantly accelerate the age hardening kinetics and give rise to an increase in peak
hardness during ageing at 185 °C [75]. In this work, we find that when both Cd and Cu are
added in an Al-Mg-Si alloy, the age hardening response can be further improved. The
microstructural evolution of precipitates (including number density and size) in Cd-containing
Al-Mg-Si(-Cu) alloys was quantitatively studied in comparison with their Cd-free counterparts.
A detailed examination of the precipitate structures by high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) has been carried out to clarify the effects
of Cd on the precipitation sequences. More importantly, the clustering behaviour in the Cd-
containing alloys during the early stages of AA has been studied by atom probe tomography
(APT). Based on APT characterizations and density functional theory (DFT) calculations, the
nucleation and precipitation mechanism of age-hardening precipitates under the influence of

Cd addition was proposed.



2 Material and methods

Three experimental alloys with a similar Mg/Si ratio of ~0.6 and different levels of Cd and/or
Cu content were prepared by remelting a commercial DC-cast 6082 alloy billet, adding pure
Cu and/or Al-Cd master alloy and casting into a copper mould. The 6082 alloy was also
investigated as a reference alloy. According to the difference of their Cu and Cd contents, the
four experimental alloys are referred to as 6082, 6082Cu, 6082Cd and 6082CuCd alloys,

respectively. The measured chemical compositions are given in Table 1.

Table 1 Measured chemical compositions (wt.% and at.%) of the experimental materials.

Mn Fe Si Mg Cu Cd Al
6082 wt%  0.50 0.20 1.12 0.55 0.01 - bal.
at.% 0.24 0.10 1.08 0.61 0.004 - bal.
6082Cu wt%  0.49 0.18 1.08 0.56 0.27 - bal.
at.% 0.24 0.08 1.04 0.62 0.12 - bal.

6082Cd wt% 052 0.21 1.06 0.50 0.01 0.24 bal.
at.% 0.26 0.10 1.02 0.56 0.004 0.06 bal.
6082CuCd wt.%  0.54 0.19 1.01 0.55 0.24 0.26 bal.
at.% 0.26 0.09 0.98 0.62 0.10 0.06 bal.

Solution heat treatment (SHT) of the as-cast samples was carried out in an air furnace at 540 °

C for 4 h followed by an immediate quenching into cold water. After a RT storage for 1 hour,
AA at 185 °C for different times ranging from 5 min to 24 h was applied. Vickers hardness
was measured by a Matsuzawa hardness tester under a 5 kg applied load and a dwell time of
15 s. Each data point in the hardness curves was based on an average of at least eight
measurements. Ambient tensile testing was conducted on a CMT4105 tensile testing machine

at an initial strain rate of 0.0007 s™! with flat rectangular tensile specimens machined based on



ASTM standard (gauge length: 25 mm). An extensometer was used for the measurement of

strain.

Thin foils for TEM studies were prepared with a standard mechanical polishing and
electropolishing procedure described in Ref. [75]. A JEOL 2100 TEM equipped with electron
energy loss spectroscopy (EELS) was employed for bright-field TEM observations. All the
TEM images were taken along <100>4 zone axes. The number density (Ny ), average length
(V), average cross-sectional area (¢) of elongated precipitates and average equivalent circular

diameter (D) of (near-)spherical precipitates were quantified. The number density of elongated

3N
A(A+t)’

precipitates is determined as N, = where N is the counted number of precipitate cross-

sections in the viewing direction within the area (4) of the image and ¢ is the thickness of TEM

foil estimated by EELS. The number density of (near-)spherical precipitates is determined as

v At least six sample areas/images and more than 150 precipitates were analysed

T ADst)’
for each sample. A more detailed description of the method for precipitate quantification can
be found elsewhere [23,76,77]. HAADF-STEM images were recorded by using a double
aberration-corrected (image and probe Cs) cold-FEG JEOL ARM-200F operated at 200 kV,
with a probe size of 0.08 nm, a convergence semi-angle of 28 mrad and an inner collection
angle of 35 mrad. This microscope is equipped with a Gatan Imaging Filter (GIF) Quantum
spectrometer which enables the acquisition of EELS elemental maps. Electron energy loss
spectra were obtained in the energy loss range 300-1324 ¢V, which includes the energy loss

edges Cd-Mys at 404 eV, Cu-L; at 1096 eV and Cu-L at 951 eV. The manual integration of

EELS edges was performed after power-law background subtraction.

Needle-shaped APT samples were prepared by etching small square rods (0.5 x 0.5 x 15 mm?)

with a two-step electropolishing method described in Ref. [77]. The APT characterization was



performed on a local electrode atom probe LEAP4000X SI under a high vacuum of 2 x 107
Pa, at a sample temperature of 20 K, a UV laser pulsing energy of 40 pJ, a repetition rate of
250 kHz and a target evaporation rate of 0.5%. Data reconstruction and statistical analyses were
conducted by using Cameca IVAS 3.6.12 software, where the reconstruction parameters are
refined based on the crystalline patterns from desorption maps during APT running. The
maximum separation algorithm [78] was employed for cluster identification by using Cd, Mg
and Si as target elements. The maximum separation distance between the solute atoms in one
cluster, dmax, 1s set as 0.6 nm and the minimum number of solute atoms in one cluster, Nuin, 1S

set as 7.

DFT calculations in the present work were carried out using the Vienna ab initio simulation
package (VASP), which adopted the frozen-core Projector Augmented Wave method [79][80]
to depict the electron-ion interactions, and the Generalized Gradient Approximation (GGA) of
Perdew-Burke-Ernzerhof (PBE) [81] to describe the exchange-correlation. Plane wave cut-off
energy was set to be 400 eV in all the calculations. The Monkhorst-Pack scheme [82] k-points
sampling in combination with the linear tetrahedron method including Blochl corrections [83]
were utilized for the total energy integrations of the Brillouin zone (BZ). Supercells containing
108 atoms (based on 3 x 3 x 3 unit cells of Al) were constructed to calculate the binding energy
between different solute atoms and vacancies (Va) including Cd-Si-Va, Cd-Mg-Va, Mg-Si-Va
in the Al matrix. Within the supercell, the substitutional impurities and vacancies were set as
1°' nearest neighbours in between each other. Each complex has seven different potential
geometries as a result of the different arrangements of impurities and vacancies (straight or
triangle arrangements as indicated in Table 2). Full relaxations in respect to volume, the shape

of the cell, and the atomic positions were implemented until the Hellmann-Feynman force on



all atoms was < 102 eV-A"!l. The binding energy of the complexes was determined by the

following equation [84][85]:

Bind _ tot tot tot tot . tot _ .
Ex“y—y = _(EAl105XYVa —Efl o x — Eally,vy — Ealyy,va T2 EAst)a XY =Cd Mg, Si

Eq. (1)

where E j?fo <xyvq 18 the total calculated energy of the supercell containing a X-Y-Va complex,

while ELYC o, Ly, EfPY g stand for the total energy of the supercell containing a single

solute atom X, Y or a vacancy, respectively. E j;’fog represents the total energy of the supercell

having 108 Al atoms.

3 Results

3.1 Age hardening response

3.1.1 Vickers hardness evolution

The Vickers hardness evolution of the four experimental alloys during AA at 185 °C is
presented in Figure 2. Before AA, the four alloys have similar hardnesses in the range of 45~50
HV. During AA, both the 6082Cu and 6082Cd alloys exhibit accelerated age-hardening
kinetics in comparison to the 6082 base alloy, but the hardening kinetics of the 6082Cd alloy
(92 HV after 30 min ageing) is even faster than that of the 6082Cu alloy (80 HV after 30 min
ageing). Moreover, the peak hardness of the 6082Cd alloy (124 HV) is moderately increased
compared to the 6082 base alloy (116 HV), while no difference in peak hardness is detected in
the 6082Cu alloy. Adding both Cu and Cd leads to a further improved age-hardening response:
the 6082CuCd alloy achieves a hardness of 98 HV after 30 min ageing and a further increase

of peak hardness to 131 HV within 120 min ageing.
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Figure 2 Vickers hardness evolution of the 6082, 6082Cu, 6082Cd and 6082CuCd alloys during ageing at 185 °C.

3.1.2 Bright-field TEM observation of precipitates

The bright-field TEM micrographs of precipitates in the four alloys aged at 185 °C for 30 min
and 360 min are illustrated in Figure 3(a) and (b), respectively. Fine, dark dot-shaped contrasts,
which correspond to the cross-sections of precipitates (in the <100>4; viewing direction), can
be observed in the four alloys, but the Cd-containing alloys show a much-refined precipitate
microstructure compared to the Cd-free alloys at both AA stages (30 min and 360 min). It is
worth noting that, after 360 min ageing, lath-shaped Q' precipitates, which can be identified by
their elongated cross-sections align in <510>4; directions, are frequently observed in the
6082CuCd alloy (indicated by red arrows in Figure 3(b)); while in the 6082Cu alloy, well-

developed Q' precipitate is barely noticed.

The quantitative measurement of elongated Mg-Si(-Cu) precipitates (including needle-shaped
", lath-shaped Q' and their precursors) in the four alloys were conducted based on bright-field
TEM and HAADF-STEM observations, and the average number densities of precipitates are
representatively shown in Figure 3(c). Our previous work [75] has demonstrated that the dark-
dot contrasts observed in bright-field TEM images (Figure 3(a) and (b)) correspond to three

types of precipitates: single Mg-Si(-Cu) precipitates, single Cd-rich precipitates and
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“composite” precipitates containing the former two precipitates. Therefore, the population
proportions of the three types of precipitates were determined by HAADF-STEM analyses,
which provides a more accurate number density of Mg-Si(-Cu) precipitates. As shown in
Figure 3(c), Cd-containing Al-Mg-Si alloys have much higher number densities of precipitates
than their Cd-free counterparts. For example, after 30 min ageing, the number densities of
precipitates in the 6082Cd and 6082CuCd alloys are 6.4 and 2.1 times as high as the 6082 alloy
and 6082Cu alloys, respectively. It is worth noting that, although after ageing for 360 min, the
number density of precipitates in the 6082CuCd alloy was decreased due to over ageing, it is

still much higher than that of the 6082 base and 6082Cu alloys.
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Figure 3 Bright-field TEM micrographs of the 6082, 6082Cu, 6082Cd and 6082CuCd alloys aged at 185 °C for (a)30 min, the
corresponding foil thicknesses were measured as 70 nm, 46 nm, 42 nm and 49 nm, respectively, (b) 360 min, the corresponding
foil thicknesses were measured as 50 nm, 52 nm, 36 nm and 71 nm, respectively, the white arrows point lath-shaped Q'
precipitates with elongated cross-sections along <510> 41 direction while the black arrows point the possible plate-shaped C
precipitates; (c) number densities of elongated Mg-Si(-Cu) precipitates in the four alloys aged for 30 and 360 min.

3.2 HAADF-STEM characterization of precipitates

3.2.1 Precipitates in the 6082Cd alloy

The atomic structure of precipitates in the aged 6082 and 6082Cd alloys has been shown in
Ref. [75]. It reveals that many of the precipitates in the 6082Cd alloy have a “composite”
structure consisting of one Cd-rich precipitate and one needle-shaped £” precipitate or the
precursor of " associated with it. Another interesting finding about the 6082Cd alloy is that
Q'/C-like sub-units (Figure 1(b)) are observed in some of the needle-shaped precipitates

attached to Cd-rich precipitates.

Therefore, HAADF-STEM-EELS analyses were conducted to identify the composition of the
Q'/C-like sub-units in the 6082Cd alloy. Figure 4(a) shows the HAADF-STEM micrograph of
a typical “composite” precipitate formed after ageing at 185 °C for 360 min. The rectangular
Cd-rich precipitate (marked by a green box) seems to have a periodic ordering, and the attached
needle-shaped precipitate contains several Q'/C-like sub-units (indicated by red dashed
triangles). The corresponding EELS elemental maps of Cd and Cu are presented in Figure 4(b)
and (c, d), respectively. The Cd-rich precipitate with bright contrast in Figure 4(a) is indicated
in the Cd map by a green box in Figure 4(b). It is worth noting that strong Cu signals are also
detected within the Cd-rich precipitate (Figure 4(c) and (d)). For the needle-shaped precipitate,
Cu signals are also detected, but Cd is almost absent in this region. Most importantly, several
intensity peaks in the Cu maps (pointed by red arrows) correspond well with the central sites
of Q'/C-like sub-units in Figure 4(a), confirming that the central sites of such sub-units
observed in the 6082Cd alloy aged for 360 min are occupied by Cu atoms. These Cu-centred

Q'/C-like sub-units are frequently observed in Al-Mg-Si-Cu alloys with Cu contents higher
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than 0.05 wt.% [49][56] but have seldom been reported in an Al-Mg-Si alloy with a Cu content

as low as 0.01 wt.%.

(a) HAADF-STEM (b) Cd-M4,M5 ) Cu-L ) (d) Cu-L2

6082Cd alloy, 360 min

Figure 4 (a) HAADF-STEM micrograph of a “composite” precipitate in the 6082Cd alloy aged at 185 °C for 360 min taken
before the EELS scan. The Q'/C-like sub-units in the needle-shaped precipitate are indicated by red dashed triangles. EELS
elemental maps of (b) Cd and (c, d) Cu. The elongation of the Cd-rich region in the vertical direction in (b)-(d) compared to
(a) is due to a slight drift of sample during EELS scan.

3.2.2 Precipitates in the 6082CuCd alloy

Figure 5 displays a series of HAADF-STEM images of the precipitates in the 6082CuCd alloy
aged at 185 °C for different times. After 30 min ageing, small “composite” precipitates
consisting of a tiny Cd-rich region surrounded by several eye-like sub-units (labelled by yellow
circles) of " precipitate can be observed (Figure 5(a)). In some “composite” precipitates, Q'/C-
like triangular sub-units and even complete Q' unit cells have already formed (Figure 5(b)).
After 360 min ageing, “composite” precipitates have grown to larger sizes. In addition to
needle-shaped precipitates with highly disordered cross-section structure (Figure 5(c)), well-
developed lath-shaped Q' precipitates are found to be attached to Cd-rich precipitates (Figure
5(d)). It is interesting to see that there are several atomic columns with bright contrasts at the
Q'/Al interface, which have a six-fold symmetry with the atomic columns with bright contrast

in the Q' precipitate.
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Figure 5 HAADF-STEM micrographs of precipitates in the 6082CuCd alloy aged at 185 °C for (a, b) 30 min and (c, d) 360
min, respectively.

3.3 APT characterization of atomic clusters and precipitates

To investigate the influence of Cd addition on the atomic clustering behaviour, an APT study
was carried out on the 6082CuCd alloy aged at 185 °C for 5 min. Three-dimensional atom
maps of Cd (green), Mg (magenta), Si (blue) and Cu (orange) are shown in Figure 6(a). No
precipitate but a high density of Cd-rich clusters have formed. Nearest neighbour distribution
(NND) analyses (Figure 6(b)) further reveal that, in addition to Cd clustering, the clustering of
Mg and Si atoms have also initiated, but Cu atoms are still distributed randomly within the
matrix. Figure 6(c) shows the distribution of clusters which were identified by using Cd, Mg
and Si as target elements. The number density of clusters is determined as 3.2 x 10* m3. A
statistical analysis of all 336 Mg-Si(-Cd) clusters in the selected volume reveals that most of
the Mg-Si-Cd clusters have a larger size than Cd-free Mg-Si clusters: 44.4% of Mg-Si-Cd

clusters consist of > 10 solute atoms, whereas only 17.2% of Cd-free Mg-Si clusters have > 10
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solute atoms (Figure 6(d)). In addition, about 73% of Mg-Si-Cd clusters have a Mg/Si ratio >

1, while only about 56% of Mg-Si clusters have a Mg/Si ratio > 1.
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Figure 6 APT results of the 6082CuCd alloy aged at 185 °C for 5 min. (a) three-dimensional atom maps of Cd (green), Mg
(magenta), Si (blue) and Cu (orange) within the selected volume, (b) nearest neighbour distribution data of Cd, Mg, Si and
Cu atoms; (c) distribution of clusters identified by target elements: Mg, Si and Cd; (d) the fraction of cluster size (N: number
of solute atoms in clusters) and Mg/Si ratio of both Cd-containing and Cd-free clusters..

Figure 7 presents results of the APT study on the 6082CuCd alloy aged at 185 °C for 60 min.
The non-uniform distribution of Cd, Mg, Si, as well as Cu but to a lesser extent, can be clearly
seen in the atom maps in Figure 7(a). The 0.8 at.% Cd concentration and 3.2 at.% Mg
concentration isosurfaces are used to visualize the Cd-rich and Mg-Si(-Cu) precipitates,
respectively (see Figure 7(b)). High number densities of near-spherical Cd-rich precipitates and
elongated Mg-Si(-Cu) precipitates are visible after 60 min ageing. A closer observation of these
precipitates reveals that most of the Mg-Si(-Cu) precipitates are associated with Cd-rich
precipitates at either end of the precipitates, which agrees well with HAADF-STEM
observations (Figure 4 and 5). In Figure 7(c), the proximity histograms (proxigrams) of several
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Cd-rich precipitates show that the Cd-rich precipitates contain a considerable amount of Mg
and Si as well as a trace level of Cu, even in the centre of Cd-rich precipitates, which is
consistent with EELS analyses (Figure 4). While within the Mg-Si-Cu precipitates, the

concentration peak of Cd is also detected, indicating that the precipitates contain a trace level

of Cd.
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Figure 7 APT results of the 6082CuCd alloy aged at 185 °C for 60 min. (a) Atom maps of Cd (green), Mg (magenta), Si (blue)
and Cu (orange) within the selected volume, (b) isosurfaces (green) for regions with higher than 0.8 at.% Cd and isosurfaces
(magenta) for regions with higher than 3.2 at.% Mg, (c) proximity histograms of Cd-rich precipitates and Mg-Si(-Cu)
precipitates, respectively.

3.4 Tensile properties

The results of tensile testing on the four alloys aged at 185 °C for 30, 120 and 360 min is
presented in Figure 8. In agreement with the hardness curves (Figure 1), both yield strength

(YS) and ultimate tensile strength (UTS) of Cd-containing alloys are higher than those of Cd-
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free alloys at every AA stage. After 30 min ageing, the YS of 6082Cd and 6082CuCd alloys
have reached 216 + 3 and 219 + 2 MPa, respectively, while the YS of both 6082 and 6082Cu
alloys are less than 160 Mpa (Figure 8(a)). Even after 360 min ageing, the YS of the 6082Cd

and 6082CuCd alloys are still higher than Cd-free alloys.
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Figure 8 (a) YS of the four alloys aged at 185 °C for 30, 120 and 360 min; engineering stress-strain curves of the four alloys
aged for (b) 30 min, (c) 120 min and (d) 360 min, respectively.

4 Discussion

4.1 The effect of Cd on precipitate nucleation in Al-Mg-Si alloys

The nucleation of age-hardening precipitates is known to start from the decomposition of the

supersaturated solid solution and the formation of solute clusters via vacancy-aided solute
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diffusion. In Al-Mg-Si alloys, since Si has a lower solubility and a higher diffusivity than Mg
in the Al matrix [86], clustering of Si atoms is likely to occur first, followed by the diffusion
of Mg atoms towards Si clusters to form Mg-Si clusters [20,36,87]. This means the Mg/Si ratio
of individual clusters at the initial stages of clustering can largely vary
[7,10,21,23,31,36,37,41,88-90], and it is widely accepted that the cluster with a Mg/Si ratio
close to that of GP zones or £”, i.e. ~1 or slightly higher, can transform to or act as nuclei for

the strengthening phases more easily [7,10,20,36,87,90,91].

In microalloyed Al-Mg-Si alloys, the mechanisms for the nucleation of precipitates can be
modified with different quaternary-element additions [46,53,92]. For Al-Mg-Si alloys with Cu
additions, Zandbergen et al. [46] suggested that the substitution of Mg by Cu in clusters reduces
the strain energy and is beneficial to the later growth of clusters and their transformation into
precipitates. In the case of Ge-containing Al-Mg-Si alloys, it was proposed that the high affinity
of Ge with vacancies enables Ge to create nucleation sites for " [53]. Recently, it was reported
that the suppressed annihilation of quenched-in vacancies by Sn is the main reason for the fast

ageing kinetics of Al-Mg-Si alloys at unconventional ageing temperatures (>210 °C) [3]. A

recent study further suggested that the enhanced nucleation of precipitates in Sn-containing Al-
Mg-Si alloys during ageing at 250 °C is related to the formation of £’ phase (MgoSisxSnx) on

Sn-vacancy complexes [92].

In the present Cd-containing Al-Mg-Si alloys, APT analyses suggested that the clustering
process is significantly modified by Cd additions, and the mechanism for the enhanced
nucleation of precipitates in AI-Mg-Si alloys by Cd addition seems to be different from those
mentioned above. Previous DFT calculation results by Wolverton [93] show that the binding
energy of Cd-Va complexes is 0.14 eV, which is much higher than Mg-Va (-0.02 eV) and Si-

Va (0.08 eV) complexes. In this study, the binding energies of ternary complexes including
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two different solute atoms and one vacancy with all possible arrangements in the Al matrix are
calculated via the DFT method. As shown in Table 2, the binding energies of Cd-Mg-Va
complexes with all arrangements and Cd-Si-Va complexes with most arrangements are higher
than that of Mg-Va and Si-Va pairs, respectively, and in some cases are even higher than Cd-
Va pairs. Besides, the binding energies of Cd-Mg-Va and Cd-Si-Va complexes with most
arrangements are also higher than the Mg-Si-Va complexes. It suggests that the Cd-Mg-Va and
Cd-Si-Va complexes are energetically more favourable than Mg-Va, Si-Va and Mg-Si-Va
pairs/complexes. Although the binding energies of Mg-Si-Cd-Va complexes are not calculated,
it can be speculated that they also have high binding energies. Therefore, the modified
clustering process is proposed to take place by the formation of Cd-Mg-Va and Cd-Si-Va
complexes, and the aggregation of them consequently produces Mg-Si-Cd-Va clusters. This is
consistent with our APT observations on the 6082CuCd alloy showing that a high density of

Mg-Si-Cd clusters were formed after 5 mins AA (Figure 6).

Table 2 Different straight and triangle arrangements of Cd-Si-Va, Cd-Mg-Va, Mg-Si-Va complexes in the Al matrix and the
corresponding binding energy (eV) as determined by DFT calculations. In the complexes, (#] stands for Cd atoms, and Ofor
Mg, o for Si, O for vacancies, respectively.

Cd-Si-Va Binding energy Cd-Mg-Va Binding Mg-Si-Va Binding energy
complexes V) complexes energy (eV) complexes (eV)

o0—0—O 0.148 0—0—{ 0.193 0—0— 0.118
0—0—O 0.042 o—0—1 0.047 0.010

oO—1—O 0.217 o— 0 0.126 0.048

o—0—
o— 10
):\O 0.209 C):KD 0.152 O)j% 0.033
%

E/ \) 0.139 7 o 0.200

0.088
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N j/Q\ Pl
/N 0.013 ) 0.016 /7 \ 0.023
T - %) I

j* R
/o\ 0.197 A 0.174 f‘R'“ 0.116

Based on the proposed clustering process, the effects of Cd on the clustering process are
discussed. First, the high binding energies of Cd-Va, Cd-Mg-Va and Cd-Si-Va pairs/complexes
can increase the equilibrium concentration of vacancies at SHT temperatures and stabilize the
quenched-in vacancies during RT storage for the clustering process in the later AA stages.
Besides, the high binding energies of Cd-Mg-Va and Cd-Si-Va complexes is considered to
enhance the interaction between solute atoms (mainly Mg and Si) and vacancies, which further
accelerates the diffusion of solute atoms and thus the clustering process. As a result, the Mg-
Si-Cd clusters are more likely to grow to larger sizes compared to Mg-Si clusters (Figure 6(d)).
It is worth noting that the binding energies of Cd-Mg-Va complexes are much higher than Mg-
Va and Mg-Si-Va pairs/complexes and are comparable to Cd-Si-Va complexes (Table 2). Such
high binding energies can significantly accelerate the diffusion of Mg atoms, favouring the
formation of Mg-Si-Cd clusters with higher Mg/Si ratios (indicated by APT analyses shown in
Figure 6(d)) which can transform to or act as nuclei for £” more easily during the later stages

of AA [7,37,87].

4.2 The effect of Cd on precipitation sequence in Al-Mg-Si alloys

In addition to the positive effect on the nucleation of Mg-Si(-Cu) precipitates, Cd is also found
to alter the precipitation sequence in Al-Mg-Si alloys. In addition to Mg-Si(-Cu) precipitates,
Cd-rich precipitates also formed during artificial ageing, mostly attached to Mg-Si(-Cu)
precipitates, showing as “composite” precipitates, and occasionally as single precipitates. The
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“composite” structure of precipitates observed in the present Cd-containing alloys has never
been reported in Al-Mg-Si alloys with additions of other alloying elements, such as Cu, Ge, Li,
Zn, Ag and Sn [30,52,54,60,92]. These elements are generally found to be incorporated into
p"/B' precipitates by either occupying certain atomic sites, forming new local configurations
(e.g. Q'/C-like sub-units) or new precipitates (e.g. Q' phase with the addition of Cu). In contrast,
most Cd atoms in Al-Mg-Si alloys exist in the form of Cd-rich precipitates associated with Mg-
Si(-Cu) precipitates and the trace amount of Cd atoms in Mg-Si(-Cu) precipitates show no
preference for particular atomic sites (Figure 4 and 5). The trace amount of Cd atoms is also
believed to be responsible for the highly disordered structure of Mg-Si(-Cu) precipitates in Cd-

containing alloys.

Besides, the presence of “composite” precipitates is considered as evidence for the nucleation
of Mg-Si(-Cu) precipitates on Mg-Si-Cd clusters. During the nucleation and later growth of
precipitates, Cd atoms were gradually rejected probably due to a lower solubility in Mg-Si(-
Cu) precipitates, forming AI-Cd clusters/precipitates attached to Al-Mg-Si(-Cu) precipitates.
The trace level of Mg and Si in Cd-rich precipitates and that of Cd in Mg-Si(-Cu) precipitates
(Figure 7(c)) is considered to be due to an incomplete rejection, which in turn confirms the

separation process between Mg-Si(-Cu) precipitates and Al-Cd precipitates.

Another interesting finding is that the Cd addition prompts the formation of Q'/C-like sub-units
in Mg-Si(-Cu) precipitates as well as the formation of Q' precipitates in Al-Mg-Si(-Cu) alloys.
In the 6082Cd alloy, a large number of needle-shaped Mg-Si precipitates attached to Cd-rich
precipitates formed after ageing for 360 min contain Q'/C-like sub-units and the central sites
of these sub-units are indeed occupied by Cu (Figure 4), which is unexpected in an alloy with
such a low Cu content of 0.01 wt.%. This effect is even stronger when the Cu content of the

alloy is increased. In the 6082CuCd alloy, Q'/C-like sub-units and even complete Q' unit cells
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have already formed in “composite” precipitates after ageing at 185 °C for only 30 min (Figure
5(b)). After ageing for 360 min, about 11% of the Mg-Si(-Cu) precipitates are identified as Q'
phase (Figure 3(b)). In contrast, the fraction of Q' precipitates in the 6082Cu alloy is less than
1 %. Our APT analyses on the 6082CuCd alloy show that the distribution of Cu atoms was
uniform after ageing for 5 min (Figure 6), which indicates that Cu did not participate in the
initial clustering process. This is reasonable if considering that Cu has a higher solubility [94]
and a lower diffusivity [86] than Mg, Si and Cd in Al at 185 °C. In the later stages of
precipitation, Cu atoms are found to partition into Al-Cd clusters/precipitates (Figure 4 and
Figure 7(c)), which is probably due to the relatively high binding energies of Cd-Cu-Va
complexes [95]. These Cd-rich clusters/precipitates are supposed to provide Cu atoms for the
formation of Q'/C-like sub-units in attached Mg-Si(-Cu) precipitates and Q' precipitates. The
enhanced incorporation of Cu aided by Cd is also considered as another reason for the highly

disordered structure of Mg-Si(-Cu) precipitates in Cd-containing alloys.

5 Conclusions

1. Minor addition of Cd (0.06 at.%) in an AI-Mg-Si alloy leads to accelerated hardening
kinetics as well as an increase in peak hardness during ageing at 185 °C. The yield
strengths after ageing for 30 min is increased by 57% with Cd addition. This effect is
more significant when both Cd and Cu are added in the alloy.

2. The Cd addition substantially stimulates the nucleation of precipitates and therefore
leads to a much-refined precipitate microstructure in Al-Mg-Si(-Cu) alloys. After
ageing for 30 min, the number densities of Mg-Si(-Cu) strengthening precipitates in

Cd-containing alloys are at least two times as high as their Cd-free counterparts.
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3. Most of the Mg-Si(-Cu) precipitates formed in Cd-containing alloys are found to be
associated with Cd-rich precipitates and highly disordered. Besides, the formation of
Q'/C-like sub-units in Mg-Si(-Cu) precipitates is substantially prompted due to Cd
additions.

4. With Cd addition, a high density of Mg-Si-Cd clusters is formed in the very early stages
of AA. APT analyses show that most Mg-Si-Cd clusters have larger sizes and higher
Mg/Si ratios than Mg-Si clusters, which can transform to or act as nuclei for the
strengthening phases more easily.

5. The higher binding energies of Cd-Si-Va and Cd-Mg-Va complexes than Mg-Si-Va
complexes obtained by DFT calculations are suggested to prompt the formation of Mg-
Si-Cd-Va clusters and the later nucleation of Mg-Si(-Cu) precipitates, both

thermodynamically and kinetically.
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