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Abstract 

This study reports significant improvements in both the age hardening kinetics and peak 

hardness of an Al-Mg-Si alloy by microalloying with 0.06 at.% Cd. A detailed high-angle 

annular dark-field scanning transmission electron microscopy study shows that most of the 

needle-shaped hardening precipitates β" (~82%) formed in the Cd-containing alloy are attached 

to or around Cd-rich precipitates, indicating that the Cd-rich precipitates can act as effective 

nucleation sites for needle-shaped precipitates, and therefore substantially increase the number 

density and decrease the size of needle-shaped precipitates. It also shows that most of the β" 

precipitates in the Cd-containing alloy have a disordered structure, even at the peak-aged state. 

Additionally, Cu and/or Cd atoms are found to be incorporated into β" and some precipitates 

with Q'/C-like triangular sub-units are formed, which are very rare in Al-Mg-Si alloys with a 

trace Cu content of 0.01 wt.%. 
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As heat-treatable alloys, the 6xxx Al-Mg-Si alloys are featured by a significant increase in 

strength upon artificial ageing due to the formation of a high number density of nano-sized, 

(semi-)coherent, metastable precipitates (mainly β" and Guinier-Preston (GP) zones [1,2]). 

Over the past decades, great efforts have been made to further improve the mechanical 

properties of Al-Mg-Si alloys. Modifications of the heat treatment, such as pre-ageing [3] and 

interrupted quenching [4], have proved to suppress the detrimental effect of natural ageing on 

artificial age hardening. T6I6 treatment (a T6 treatment interrupted by ageing at 25-65 °C 

before resuming to T6) was reported to enhance the age hardening response [5]. Optimisation 

of the alloying composition by increasing Si/Mg ratios also brought about an increase of 

hardness and a slower overageing response [6]. In terms of alloying additions, Cu [7–11], Ge 

[12], Ag [7], Zn [13] and Li [14] have shown to accelerate hardening kinetics and/or increase 

the peak strength. Among all the reported alloying additions, Cu is considered to be the best 

candidate for increasing the strength of Al-Mg-Si alloys. It was reported that an addition of 

0.75 wt.% Cu could increase the hardness by up to 20 HV in the under-aged state and give 

about 6 HV higher peak hardness of AA6xxx alloy [10]. However, a Cu content higher than 

0.1 wt.% in Al alloys can result in a severe reduction in corrosion resistance [15–17]. 

It has been demonstrated that the enhanced age hardening response of Al-Mg-Si alloys by 

microalloying with various elements is closely related to the modified precipitation sequence 

[9,12–14,18–20]. For example, Cu can suppress the precipitation of β" and facilitate the 

formation of Cu-containing precipitates (e.g. Q', C and L [1]) [9,18]. Ge atoms were reported 

to substitute some of the Si atoms in β" due to the similar electronic properties between Ge and 

Si [12,19]. Li preferentially occupies Mg3 sites in the β" structure [14]. Zn shows a weaker 

preference for certain atomic sites, but a partial occupancy on Si3/Al sites was proposed [13,20]. 

Ag atoms are often observed at the incoherent precipitate/matrix interfaces or incorporated into 

β' precipitates by replacing certain Si atomic columns [21,22]. Recently, a new Q'/C-like local 
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configuration containing Ag at the Cu sites was discovered [19]. In addition, with the alloying 

additions, precipitates with disordered structures will become more common [13,19,23]. 

Additions of the impurity elements Cd, In and Sn have been reported to significantly increase 

the strength of Al-Cu alloys due to the refined dispersion of θ’ [24–28]. Recently, it was found 

that a trace amount of Sn is also favourable for the Al-Mg-Si alloys by inhibiting natural ageing 

and therefore minimizing its detrimental effect on artificial age hardening, but no further 

increase of hardness was reported [29]. In this study, we demonstrate that a minor addition of 

0.24 wt.% (0.06 at.%) Cd greatly accelerates the age-hardening kinetics of an Al-Mg-Si alloy 

and gives rise to a significant increase of peak hardness. Based on a careful observation of the 

precipitates using high-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM), the underlying mechanism has been proposed. 

Two Al-Mg-Si alloys were prepared by melting and casting into a copper mould with a 

dimension of 100  70  30 mm3. For the Cd-containing Al-Mg-Si alloy, the Al-Cd master 

alloy was added at ~750 °C into the alloy melt. The alloy compositions are given in Table 1. 

Subsequently, the two as-cast alloys were solution heat-treated in an air-circulating furnace at 

540 °C for 4 h and immediately quenched into water. After a room-temperature storage for 1 

h, artificial ageing heat treatment was conducted in an oil bath at 185 °C for a range of times 

up to 24 h. Vickers hardness was measured using a 5 kg applied load and a dwell time of 15 s. 

Each data point was based on an average of at least eight measurements. Thin foils for 

transmission electron microscopy (TEM) study were made by a Struers Tenupol-5 twin-jet 

electropolisher operated at ~20 V, using a solution of 1/3 HNO3 in methanol at ~ -28 °C. A 

JEOL 2100 operated at 200 kV was utilized for bright-field TEM observations and the 

quantification of precipitates (details of the methodology are given in Ref. [6,30]). All the 

images were taken along a [001]Al zone axis. HAADF-STEM micrographs were recorded by 

using a double aberration-corrected (image and probe Cs) cold-FEG JEOL ARM-200F 
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operated at 80 and 200 kV, respectively. The accelerating voltage of 80 kV was used for 

acquiring energy-dispersive X-ray spectroscopy (EDS) maps to reduce the radiation damage. 

Figure 1 shows the hardness evolution of the two alloys as a function of ageing time at 185 °C. 

The Cd-containing alloy shows higher hardness for all ageing times and exhibits a much faster 

hardening kinetics than the Cd-free alloy. Prior to ageing, the hardnesses of both alloys are 

about 46 HV. After 30 min ageing, the hardness of the Cd-containing alloy has already doubled 

to 92 HV, while that of the Cd-free alloy is only 74 HV. Both alloys achieve peak hardnesses 

after ageing for 360 min, but the Cd-containing alloy has a wider hardness plateau. In contrast 

to the Cd-free alloy which gradually increases to the peak hardness, the Cd-containing alloy 

has already reached a hardness of 120 HV after 120 min ageing, which is very close to the peak 

hardness. Moreover, the peak hardness of the Cd-containing alloy is 6 HV higher than that of 

the Cd-free alloy. 

Figure 2 shows bright-field TEM images of the Cd-free and Cd-containing alloys aged at 

185 °C for different durations (30 and 360 min). For the purpose of comparison, the presented 

images in Figure 2 were taken at regions with similar sample thicknesses of 60~70 nm. After 

ageing for 30 min, black dots which correspond to precipitates can be seen in both alloys 

(Figure 2(a) and (b)). In the Cd-free alloy, the needle-shaped contrasts can be readily observed 

(Figure 2(a)), meaning needle-shaped β" precipitates have formed and grown. In the Cd-

containing alloy, the number density of precipitates is much higher, and most of the needle-

shaped contrasts are shorter and blurred (Figure 2(b)). By assuming all the black dots are the 

cross-sections of needle-shaped precipitates in the viewing direction, the number density of 

precipitates in the Cd-containing alloy was estimated as 6.1  1023 m-3, while that in the Cd-

free alloy is 3.6  1022 m-3. After 360 min ageing (peak-aged state), evident increases in the 

lengths and cross-sections of needle-shaped precipitates can be seen in the Cd-free alloy 

(Figure 2(c)). In the Cd-containing alloy, the needle-shaped contrasts become clearer, but their 
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lengths are still much shorter than the Cd-free alloy (Figure 2(d)). The quantified parameters 

of the precipitates in the two alloys aged for 360 min including cross-sections, needle lengths, 

number densities and volume fractions are given in Table 2. The number density of precipitates 

in the Cd-containing alloy is 2.6  1023 m-3, which is six times greater than in the Cd-free alloy. 

Figure 3 shows representative HAADF-STEM micrographs illustrating the cross-sections of 

precipitates in the Cd-containing alloy aged at 185 °C for 30 min. As shown in Figure 3(a), 

ultrafine nanoprecipitates with an average size of ~1.5 nm (marked by white arrows) have 

formed in the Al matrix. They have a near-circular shape and show a higher Z contrast than the 

Al matrix. The EDS analysis (not given here) shows that the precipitates are enriched with Cd, 

which is consistent with its relatively high Z contrast (ZCd = 48, ZAl = 13, ZMg = 12, ZSi = 14, 

ZCu = 29). Figure 3(b) represents the enlarged micrograph of one precipitate in Figure 3(a), in 

which the Cd-rich precipitate exhibits a much higher contrast (circled in green) than the Al 

matrix. A closer observation reveals that the Cd-rich precipitate is surrounded by another phase 

with a distinct structure. This phase is coherent with the Al matrix but with a slight lattice 

distortion, which gives rise to local configurations (indicated by yellow dashed circles) similar 

to the characteristic “eye” unit [31] (also referred to as “low density cylinder” (LDC) [32]) in 

the cross-section of needle-shaped β" precipitate. However, the Z contrasts of the central sites 

in the eye-like units in Figure 3(b) are as high as (in some cases even higher than) that of the 

Al matrix, which is not consistent with the expected low Z contrast of Mg in the centre of 

the“eye” unit in β". Therefore, this surrounding phase is more likely to be GP zones with the 

central sites of eye-like units being occupied by Al [31,33] or Si [34]. Of course, the possibility 

of partial Cu [35] or Cd occupation cannot be excluded. Figure 3(c) illustrates another Cd-rich 

precipitate marked by a green circle. It can be clearly seen that the atoms with bright contrast 

occupy Al fcc lattice positions, indicating that this Cd-rich precipitate is coherent with the α-
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Al matrix. Around the Cd-rich precipitate, several eye-like units (marked by yellow dashed 

circles) are also observed. 

Figure 4(a) shows the HAADF-STEM micrograph of precipitates in the Cd-containing alloy 

aged at 185 °C for 360 min. Cd-rich precipitates can still be observed (indicated by white 

arrows), but the sizes are slightly larger than those formed after 30 min ageing. Many needle-

shaped precipitates (longitudinal sections indicated by orange ellipses and cross-sections by 

orange squares) are found to be associated with these Cd-rich precipitates. Figure 4(b) presents 

the enlarged micrograph of a typical “composite” precipitate in Figure 4(a), and the 

corresponding EDS maps are shown in Figure 4(c). Around the Cd-rich precipitate (circled in 

green in Figure 4(b)), several “eye” units can be clearly seen. However, no complete β" unit 

cell can be identified, which means that the precipitate forming around the Cd-rich precipitate 

is a disordered β" phase. It is also interesting to see that several columns show relatively high 

Z contrast (marked in a red dashed circle) within this precipitate. Although the EDS maps in 

Figure 4(c) do not show a clear elemental enrichment associated with these columns due to the 

resolution limit, it is speculated that Cd and/or Cu atoms have entered the precipitate and 

partially occupied these columns. To the best of authors’ knowledge, the incorporation of Cd 

in β" has never been reported before. The substitution of Cu atoms in β" has been reported in 

Al-Mg-Si-Cu alloys with Cu contents higher than 0.5 wt.% [18,35]. However, the Cu content 

of the Cd-containing alloy in this study is rather low (0.01 wt.%), therefore, the precise crystal 

structure of this precipitate needs to be further investigated. 

Figure 4(d) shows the atomistic structure of another type of “composite” precipitate, which is 

less frequently observed. The Cd-rich precipitate (in a green box) has a rectangular shape in 

the [001]Al projection and seems to have a periodic ordering on the lattice of Al matrix, which 

is different from the one shown in Figure 3(c). For the precipitate attached to it, Q'/C-like 

triangular sub-units (a sub-unit consisting of one Cu atom surrounded by three Mg atoms and 
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three Si atoms, as indicated by red dashed circles [18]) can be observed. The formation of Q'/C-

like triangular sub-unit has never been reported in 6xxx alloys with such a low Cu content. 

However, there is also a possibility of the central Cu sites being replaced by Cd atoms. Further 

experimental and theoretical works are needed to address this issue. 

The precipitation behaviours of the two alloys during ageing at 185 °C revealed by TEM 

(Figure 2-4) are well consistent with the age hardening response shown in Figure 1. The 

accelerated ageing kinetics and increased peak hardness of the Cd-containing alloy should be 

attributed to the enhanced nucleation of precipitates. According to the HAADF-STEM analyses 

on the Cd-containing alloy aged for 30 min (Figure 3), the high number density of precipitates 

(visualized as black dots in Figure 2(b)) consist mainly of Cd-rich precipitates and a small 

fraction of individual needle-shaped precipitates, and moreover, many Cd-rich precipitates are 

associated with needle-shaped precipitates. Based on the statistical analysis, the number density 

of the needle-shaped precipitates in the Cd-containing alloy aged for 30 min is corrected to be 

2.3  1023 m-3 which is still much higher than that in the Cd-free alloy. It should be highlighted 

that the majority (~80%) of these needle-shaped precipitates are associated with Cd-rich 

precipitates.  

Previously, Cd-rich precipitates formed in Al alloys were identified as the equilibrium hcp Cd 

phase or intermediate hcp Cd' phase with reduced lattice parameters [36,37]. A recent work on 

an AA3003 alloy microalloyed with Cd reported that most of the ultrafine Cd-rich precipitates 

formed during heating at 200-300 °C seem to have the same crystal structure and a similar 

lattice constant as the Al matrix, which is consistent with some of the Cd-rich precipitates 

observed in this study (Figure 3(c) and Figure 4(d)). For those Cd-rich precipitates with a more 

complicated structure (Figure 3(b)), a further investigation is required to determine its crystal 

structure. 
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In terms of the precipitation kinetics, the diffusion rate of Cd in Al is 7.1  10-15 cm2/s at 185 °C, 

which is higher than those of Mg (2.7  10-15 cm2/s) and Si (5.4  10-15 cm2/s). It is proposed 

that the faster diffusion rate of Cd leads to the precipitation of Cd-rich precipitates prior to β" 

precipitates. Therefore, it is highly likely that the Cd-rich precipitates formed in the very early 

stage of artificial ageing act as heterogeneous nucleation sites for needle-shaped precipitates, 

which consequently results in a refined precipitate microstructure in the Cd-containing alloy. 

More interestingly, it is found that the Cd addition in the Al-Mg-Si alloy has significantly 

modified the crystal structure of needle-shaped precipitates. Even after 360 min ageing, the 

complete unit cell of β" cannot be observed in any cross-sections of needle-shaped precipitates 

in the Cd-containing alloy, which is completely different from the typical precipitate structure 

observed in conventional Al-Mg-Si(-Cu) alloys at the peak-aged state. In addition, Cu and/or 

Cd atoms are found to be incorporated into β" precipitates by substituting certain columns 

(Figure 4(b)). A small fraction of precipitates with Q'/C-like triangular sub-units have also been 

found in the Cd-containing alloy with a Cu content as low as 0.01 wt.% (Figure 4(d)).  

A very recent work reported that Sn has a similar effect as Cd shown in this work on refining 

the precipitate microstructure of Al-Mg-Si alloys aged at 250 °C [38]. However, no Sn 

precipitate formed during ageing. Instead, Sn atoms were found to preferentially occupy the Si 

sites of the β' phase and this β' phase is proposed to act as a heterogeneous nucleus for β". This 

mechanism by which Sn prompts the β" nucleation is different from that of Cd reported in this 

work. 

It should be noted that Cd is a poisonous element, which is not likely to be used in commercial 

alloys. However, the highlight of our work is to propose an effective method for promoting the 

heterogeneous nucleation of strengthening precipitates in Al-Mg-Si alloys. Searching for non-
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toxic elements with similar strengthening mechanism in Al-Mg-Si alloys will be the emphasis 

of the future work. 

In summary, we have shown that a minor addition of Cd (0.06 at.%) in an Al-Mg-Si alloy can 

lead to a much more rapid hardening response as well as a significant increase in peak hardness 

due to an enhanced precipitation. HAADF-STEM analyses indicate that the densely dispersed, 

nano-sized Cd-rich precipitates formed in the early stage of artificial ageing act as effective 

nucleation sites for the needle-shaped hardening precipitates. Closer HAADF-STEM 

observations reveal that most of β" show a disordered structure in the Cd-containing alloy. 

Besides, Cu and/or Cd atoms are found to be incorporated into β", and some precipitates with 

Q'/C-like triangular sub-units have formed. 
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Tables 

Table 1 Chemical compositions (wt.%) of the experimental materials. 

Alloy Mn Fe Si Mg Cd Cu Al 

Cd-free 0.50 0.20 1.12 0.55 - 0.01 bal. 

Cd-containing 0.52 0.21 1.06 0.50 0.24 0.01 bal. 

 

Table 2 Measured average cross-sections, needle lengths, number densities and volume fractions of precipitates in the two 

alloys after artificial ageing at 185 °C for 360 min. 

Alloy Cross-section 

(nm2) 

Needle length 

(nm) 

Number density 

( 1022 m-3) 

Volume fraction 

(%) 

Cd-free 8.5 ± 4.7 44.5 ± 19.5 3.6 ± 0.3 1.4 

Cd-containing 4.2 ± 1.9 14.5 ± 5.8 26.2 ± 3.7 1.6 
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Figure 1 Hardness evolution of the Cd-free and Cd-containing alloys during ageing at 185 °C. 

  



15 

 

 

Figure 2 Bright-field TEM micrographs of the Cd-free and Cd-containing alloys aged at 185 °C for 30 min and 360 min. The 

sample thicknesses of the presented regions in (a)-(d) are 70 nm, 64 nm, 60 nm and 67 nm, respectively.  
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Figure 3 (a) HAADF-STEM micrograph of the early-stage precipitates in the Cd-containing alloy aged at 185 °C for 30 min. 

(b) and (c) show the enlarged areas indicated in (a). For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article. 
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Figure 4 (a) HAADF-STEM micrograph of precipitates in the Cd-containing alloy aged at 185 °C for 360 min. (b) Enlarged 

HAADF-STEM micrograph of one typical “composite” precipitate and (c) the corresponding EDS elemental maps. (d) 

HAADF-STEM micrograph of another “composite” precipitate. For interpretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article. 

 

 


