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In this work the precipitation behaviour of both high and low Cu variants of a Al-6xxx alloy were investigated
with and without natural ageing. The material yield strength was greater in the high Cu alloy and without
natural ageing. The strength was seen to correspond to changes in precipitate number density and a mechanism
of dislocation bowing around these precipitates. In the samples without natural ageing, Cu was seen to increase
the number density of nuclei and hence the final precipitate number density. In the samples with natural

ageing, solute clusters were observed to dissolve during subsequent artificial ageing, but a higher proportion
remained in the high Cu alloy and acted as nucleation sites for further precipitation.

1. Introduction

The negative effect of natural ageing on 6xxx series alloys is well
established and it is thought that the solute clusters formed during
natural ageing lead to this effect [1,2]. The precipitation sequence of
these alloys is often given as;

SSSS — solute clusters — GP zones — pre — f' — " — p' — p(+Si)
(€8]

where SSSS is a super saturated solid solution [3-6]. The equilibrium
phase g has empirical formula, Mg,Si. The addition of Cu creates a new
thermodynamically stable phase, O [7,8]. Several additional metastable
phases have been described in Cu containing alloys, including U1, U2,
C, Q, p-2, p-Cu and L [9-17].

These phases however do not appear in a linear sequence during
ageing, rather they can co-exist, including within the same precipi-
tate [14]. The metastable Cu containing phases sometimes occur as
laths alongside rods, while rods are more common in Cu free alloys [7,
17]. The rods and laths both have their longest axis parallel to the
matrix (001),, lattice directions. Zandbergen et al. [18] observed in a
0.34 at.% Cu alloy that all the later stage precipitates contained Cu,
including rods.

Some works have suggested that naturally aged solute clusters are
thermally unstable and cannot transform into subsequent strengthening
precipitates and that they are required to dissolve for the formation of
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strengthening precipitates [5,19,20]. While others have suggested that
solute clusters can be stable and transform into or nucleate further pre-
cipitates [4,21]. That only certain cluster chemistries and/or structures
lead to further precipitation has also been suggested [6,21-26], with
some solute clusters being stable, but which do not transform into or
nucleate further precipitates. This range of suggested mechanisms in
the literature, helps illustrate the complexity of the system.

Cu has been found to have a positive impact on reducing the nega-
tive effect of natural ageing in Al-6xxx [18,27]. As well as changing the
phases present, this has been linked with a refinement in precipitate
size and subsequent increase in precipitate number density [27,28].
Several works have seen that the rate at which an alloy hardens during
natural ageing, which is due to the formation of solute clusters, is
reduced by the addition of Cu [18,26,29,30]. In a previous work [31]
we found that Cu did not influence the amount or rate of Mg and
Si clustering during NA. In this work we will build upon that study
to investigate the effect of subsequent ageing on the naturally aged
samples.

The accurate and reliable quantification of solute clustering of Mg,
Si and/or Cu in Al with atom probe tomography (APT) is a complex
challenge, due the small nature of the features involved, that means
the analysis is at the limitations of the spatial resolution achievable
with atom probe [32]. User chosen parameters to select clusters can
introduce significant bias into the results [33]. In this work we present
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Table 1 Table 2
Compositions of Alloy H and Alloy L in at.%. oy, yield strength of FA conditions. Ranges given are standard error, o/+/n, where ¢
Mg si Cu Al is the standard deviation of measured yield strengths from n repeat tensile tests.
Alloy L 0.6 0.6 0.1 bal. Condition LdFA LiFA HdFA HiFA
Alloy H 0.6 0.6 0.3 bal. oy (MPa) 276.8 + 0.4 285.7 + 0.3 306.6 + 0.3 310.5 + 0.9
a methodology which allows for consistent analysis of clusters and 3.2. DSC

precipitates between datasets.

In this work, by directly observing solute clusters at different stages
of the ageing process, we present insight into the mechanisms by which
naturally aged solute clustering impacts the final mechanical properties
of the alloy.

2. Experimental

Investigations were carried out on the same two alloys as in a
previous work [31]. These are a low Cu (alloy L) and a high Cu (alloy
H) variant of the same Al-Mg-Si—Cu alloy. The alloy compositions are
given in Table 1.

The alloys were quenched from an above solvus heat treatment,
then received a first period of natural ageing (NA1), were pre-aged
at 170 °C for 30 min, received a second period of natural ageing
(NA2) and were finally aged at 190 °C for 7 h. Samples referred to
as immediate or i, spent less than 30 min at the first natural ageing
step. While delayed, d, samples spent 8 weeks or more naturally ageing.
Samples prepared after only natural ageing are referred to as NA,
samples prepared after pre-ageing are referred to as PA and samples
prepared after final ageing as FA. Differential scanning calorimetry
(DSC) specimens were prepared in NA and PA conditions. APT spec-
imens presented here were prepared in PA and FA conditions. APT
specimens with only natural ageing, NA, were the subject of a previous
work [31]. Samples are referred to by the alloy (H or L), NA1 duration
(i or d) and ageing condition (NA, PA or FA) such that an alloy H
sample, which has undergone more than 8 weeks of natural ageing
before a pre-age treatment was carried out, is referred to as HdPA.

DSC experiments were carried out with a heating rate of 20 °C
min~1, from 25 °C to 620 °C.

APT specimens were prepared using a two stage electropolishing
method. Firstly, with a solution of 15% perchloric acid, 10% water
and 75% acetic acid and an applied voltage of 20-10 V. This was
followed by a solution of 1.2% perchloric acid, 0.8% water and 98%
2-butoxyethanol and an applied voltage of 10 V. APT datasets were
obtained using a LEAP™ 5000 XR

APT data was reconstructed using the software, IVAS™, with cali-
bration of reconstruction parameters carried out using the methodology
described by Gault et al. [34]. APT data was analysed using the com-
mercial software; IVAS™ and APSuite™; open source code packages,
posgen and atomprobelab [35,36] and custom MATLAB scripts. Solute
clusters and precipitates were extracted from the APT data using the
maximum separation method. The choice of parameters used with this
method are addressed in the relevant sections.

3. Results
3.1. Mechanical properties

The yield strengths of the four FA conditions are given in Table 2.
The addition of more Cu in alloy H compared to alloy L, increases the
strength in both i and d conditions. A short natural ageing period before
pre-age, increases the strength in both alloys.

DSC traces for alloy L and alloy H were measured and are shown
in Figs. 1(a) and 1(b) respectively. For both alloys DSC traces were
collected after natural ageing for a short and long period, and after
subsequent pre-ageing. The two alloys behave similarly. The iNA sam-
ples are the only samples to show a peak at A, which is widely reported
to be due to the formation of solute clusters [26,29,37,38]. It should be
noted however these are not the same solute clusters as formed during
extended natural ageing, as otherwise a dissolution peak B would be
expected in the iNA trace which is not seen. Samples with extended
natural ageing, dNA and dPA, all show an endothermic reaction at
peak B, which is due to the dissolution of solute clusters formed during
natural ageing [39]. This peak has been observed elsewhere when
natural ageing has occurred [1,4,37,38,40-45].

The primary exothermic peak, C, is smaller in the iPA samples,
which is likely due to the precipitates which have already formed
during pre-ageing. This is not the case for delayed samples, with the
dPA traces following very closely the dNA traces. Peak C may appear
to occur at lower temperatures in the immediate samples, however this
is likely due to the overlap between the endothermic and exothermic
peaks B and C in the delayed samples, which makes the exothermic
peak C appear to occur at a higher temperature.

3.3. APT before final ageing

Atom maps of representative areas of the 4 PA conditions are shown
in Fig. 2. For brevity only Mg atoms are displayed. Si and Cu were also
found in all solute clusters and precipitates, these elements are included
in atom maps of the same areas in the supplementary material; figure
A.l.

Two atom maps are show for the HAdPA condition. In these samples,
several occurrences of groups of larger precipitates were found, as
well as a matrix containing a high density of small solute clusters.
These larger features are thought to have nucleated on dislocations.
These rods occur in 3 orthogonal directions, thought to be the matrix
(001) 4, lattice directions. No precipitates on dislocations were observed
in the LdPA condition. However, Poisson statistical analysis, gives a
95% confidence interval in the density of these combined dislocation
precipitate features, of 0.3 to 2x 10° um~=3 in HdPA and 0 to 3% 103 pm—3
in LdPA. This shows that the rate of observation of these heterogeneous
dislocation precipitates was not significantly high enough to conclude
they occur at a higher rate in alloy H than in alloy L.

There is a clear visual difference between the iPA and dPA condi-
tions (Figs. 2(a) and 2(d) compared to Figs. 2(b) and 2(e)), with both
alloy’s iPA conditions containing readily identifiable, relatively large,
clusters of Mg atoms, while the dPA conditions do not contain these
features. There is a further difference, between the LiPA and HiPA
conditions; the larger features in LiPA, Fig. 2(d), have an elongated
morphology, while the larger clusters in HiPA, Fig. 2(a), are spherical.
The difference, if any, between the HdPA and LdPA conditions is
less clear, and more quantified analysis of the solute clusters in the
conditions is needed.

The solute clusters and precipitates were extracted from the APT
data in order to more quantitatively compare size and number density.
The maximum separation approach was used to cluster the data. This
method has two user defined parameters, d,,, and N,;,, which are
explained in detail elsewhere [46,47]. This method was chosen for
its simplicity to implement and the simplicity to interpret the results.
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Fig. 1. DSC traces for alloy L and alloy H in naturally aged and pre-age conditions, with less than 30 min natural ageing (i) and over 8 weeks natural ageing (d). Endothermic

dissolution peak, B, only occurs in the d samples which have undergone natural ageing.

Only Mg atoms were considered by the maximum separation algorithm
in this instance. The value of the distance parameter was chosen as
dpax = 0.53/3/Prrgs where p,,, is the density of Mg atoms in the
reconstruction. The inclusion of the solute density term, corrects for
any small variations in density and/or concentration between datasets,
such that the same absolute value of d,,,, is applied to each dataset. The
multiplying value, 0.53, was determined empirically to correspond to
the normalised median 1st nearest neighbour distance between solute
atoms in the investigated datasets, which had had their ionic identities
shuffled (Figure A.3). This kind of random comparator dataset is also
known as a relabelled dataset.

The result of using this value, is that the maximum separation
algorithm selects from the APT data all the Mg atoms which are closer
to another Mg atom than 50% of the Mg atoms in the relabelled
dataset. The logic behind this choice is to maximise the number of
true positives identified, ensuring all true positive clusters are selected
from the dataset and appear as cohesive clusters, rather than a group
of smaller clusters. All the regions with solute density greater than the
average solute density are selected. By plotting the corresponding size
distribution of solute clusters alongside the distribution expected in the
relabelled dataset, one can observe how these extracted clusters, com-
pare to the clusters expected in the relabelled dataset and determine
which extracted clusters are likely to be false positives. Further details
of this methodology and the determination of the empirical median 1st
nearest neighbour distance are included in the supplementary material.

Fig. 3 shows the distribution of clusters sizes, by plotting the number
of Mg atoms detected in each cluster size bracket, normalised by the
total number of Mg atoms detected. This normalisation is to account
for differences in the size of APT datasets collected. In all the sub-
figures the relabelled comparison data, RL, is included to show how
many clusters and what cluster sizes are selected from the relabelled
data using the median d,,,, value as described above. This RL dataset
is the mean of a single relabel for each of the measured datasets. The
individual relabels were seen to have low variation, as shown in the
supplementary material; figure A.3.

As discussed qualitatively already, in the iPA conditions alloy H
contains smaller clusters, which here are shown to contain 10-100
detected Mg atoms (Fig. 3(a)), while alloy L contains larger clusters, of
20-1000 detected Mg atoms (Fig. 3(c)). The two alloys have a similar
overall number of Mg atoms selected as clustering, however in alloy
H they are found in smaller and more numerous particles. Before the
immediate pre-age is applied, it can be seen that both alloys have a
similar size distribution of clusters, with very few features extracted
which are above what is expected in a random solid solution. Alloy H
contains more clusters in the range 10-20 atoms than alloy L.

In the dPA and dNA conditions, the majority of clusters extracted
overlap in their size distribution with the clusters extracted from the
relabelled dataset. However, there are significantly more clusters in the
size range 5-20 Mg atoms, than is expected in the relabelled dataset.
It can be seen in both alloy H and alloy L that there is little difference
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(d). LiPA (e) LdPA

Fig. 2. Representative atom maps of the four pre-aged conditions. Each map is a 50 x 50 x 5 nm slice from the APT reconstruction. Only Mg atoms are shown for brevity, Si and
Cu atom maps can be found in the supplementary material figure A.1. Two maps are shown for the HdPA condition, as heterogeneous nucleation on dislocations was observed in
this condition, Fig. 2(c).
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Fig. 3. Size distribution of clusters selected with maximum separation method, d,,,, = 0.53/{/py,- Bar height is the fraction of total detected Mg atoms that were found clustered
in that corresponding size range of cluster. In all plots the distribution of cluster sizes selected in a relabelled dataset at the same value of d,,,, are also shown.
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| (é) LiFA kd)ll-LdFA

Fig. 4. Sections of atom maps of the four final aged conditions. Each map is a 50 x 50 X 5 nm slice from the APT reconstruction. Only Mg atoms are shown for brevity, Si and
Cu atom maps can be found in the supplementary material figure A.2 . All Mg atoms are shown, with no filtering from cluster identification applied.
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Fig. 5. A example of input and output of using a Gaussian Mixture Model to break
up conjoined clusters. The user needs to supply the number of clusters to output.

between the size distribution and number density of these small clusters
before and after pre-ageing. The density of clusters is also not seen to
be significantly different between the two alloys. As mentioned already,
some alloy H datasets contained a few larger particles, seen here in the
size range 100-2000 Mg atoms; Fig. 3(b).

3.4. APT after final ageing

After final ageing all 4 conditions contain strengthening precipitates
(Fig. 4). Precipitates were extracted using the same maximum separa-
tion methodology as described for the PA datasets. A minimum size
cut-off of N,,;, =21 was applied to remove any potential false positive
clusters. This correspond to the maximum size of cluster observed in
the relabelled datasets at this threshold of d,,,,; Fig. 3. Some features,
identified as a single feature with maximum separation, contained
discrete convex regions; Fig. 5. This is not the result of using too great
a value of d,,,,, but as can be seen in Fig. 5, is due to genuine overlap
of precipitates. These discrete regions were separated using a Gaussian
mixture model approach, as implemented in the statistics and machine
learning toolbox in Matlab™. The user is required to input how many
regions to separate each feature into, with candidate features identified
by having a high ratio of the features convex hull volume to « hull
volume (a = 5d,,,, [48,49]). An example of the resulting precipitates
after splitting is shown in Fig. 5.

Final precipitates extracted for all four FA conditions are shown in
Fig. 6. Some precipitates were seen with an elongation in the secondary
axis. These laths were observed in both alloy L and alloy H and often
in linear features of parallel laths, thought to have nucleated along the
same dislocation line (Fig. 6(a) and (c)).

Calculating the number density of these precipitates in APT data
is complicated due to the high proportion of precipitates which are
incident with the dataset edge. Methods such as used in [48], where
edge incident precipitates are counted with half the weight of fully

captured precipitates work well for spherical features, but the assump-
tions used break down for the precipitates observed here, where this
is a large range in precipitate size and aspect ratio. In order to best
extract information about precipitate number density the authors have
developed a methodology to measure the average spacing between pre-
cipitate centres. The methodology uses skeleton and watershed image
processing algorithms on a binary voxel grid to form a skeleton for each
precipitate (Fig. 7(b)), split the voxel grid into watershed domains (Fig.
7(c)) and measure the distance from domain surface to nearest skeleton
segment (Fig. 7(d)).

Inter precipitate spacing, L, is a key metric in Orowan bowing of
dislocations around precipitates, with the expected increase in shear
stress due to bowing; 7, = Gb/L, where G is the shear modulus and
b the magnitude of the burgers vector. The precipitate spacing used
in the derivation of shear stress due to bowing, is precipitate edge-to-
edge, i.e. the smallest gap the dislocation must pass through, whereas
here we measured centre-to-centre. As a approximation we believe
this will have little impact on the measured trend, as precipitate size
is small compared to the spacing and the different conditions have
approximately similar precipitate widths. Attempting to identify the
precipitate edge-to-edge distance in APT would likely introduce more
uncertainty, due the local magnification of precipitates in Al-6xxx as
measured by APT [50].

This methodology to measure average inter precipitate spacing was
applied to datasets in the FA condition. Fig. 8 shows the inverse
precipitate spacing against yield strength for each of the 4 conditions.
A linear trend can be observed, as is expected for Orowan bowing
of dislocations. It is clear that the Cu addition to the alloy has in-
creased precipitate number density, reducing inter precipitate spacing
and hence increasing yield strength, in agreement with other literature
results [28]. In the high Cu alloy the amount of additional strength
in the immediately aged material is explained by a higher density
of precipitates. In the low Cu alloy L, the immediate aged material
is also stronger, however the precipitates are not measurably closer
together. The LdFA condition had the smallest amount of APT data
collected across the 4 conditions and correspondingly there is the
greatest uncertainty in this measurement. Total analysed volumes for
HdFA, HiFAA, LdFA and LiFA were 1.2 x 10°,5.9 x 10°,3.1 x 10°> and
7.8 x 105 nm> respectively. Smaller individual dataset volumes may
also be biasing the result, as relatively large inter precipitate spacings
cannot be measured in a small dataset. Further results are needed
to confirm that the difference in strength between LiFA and LdFA is
due to precipitate number density, although this mechanism has been
observed elsewhere [24].

4. Discussion

Insight into the mechanism by which Cu addition and immediate
ageing act to increase precipitate number density can be gained by
looking at the smallest precipitates present after FA.

While overall precipitate number density is hard to measure, due to
precipitates captured at the edge of the field-of-view, some precipitates,
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Fig. 6. Selected atom maps of precipitates identified from FA datasets with the maximum separation algorithm. Only Mg atoms are shown, with separately identified precipitates

highlighted with different colours. (a) HiFA, (b) HdPA, (c) and (d) LiFA, (e) and (f) LdFA.
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in particular the smallest, can be observed which have been fully
captured. The number density of precipitates between size 21-100
detected Mg atoms in the 4 FA conditions are shown in Fig. 9. All
Mg atoms in the selected features were required to be 2 nm from the
dataset surface to avoid detecting the edges of larger precipitates. 100
Mg atoms was chosen as a semi-arbitrary cut-off for the maximum
size of these smallest precipitates, but it is noted that this size range
corresponds roughly with the clusters identified in HiPA, HdPA and
LdPA in Fig. 3. The LiPA features were larger on average.

The density of these small feature corresponds to the overall spacing
of the precipitates and the yield strength in Fig. 8. Several features

and no de-localisation was applied. (For interpretation of the references to colour in this figure legend, the reader

were identified in 3 of the 4 conditions (not in LdPA), where a large
precipitate was found adjacent to a small precipitate. Examples of these
features are shown in Fig. 10. The authors believe these small precipi-
tates are features which were present in the alloy after pre-ageing and
have acted as nucleation sites for further larger precipitates. It would
otherwise be unexpected for these features to have this morphology,
which has a larger surface area rather than forming a single rod.

In Fig. 10(b), three regions were selected from the clustering Mg,
as it was noted there is a change in the density of Mg and the width
of rod partway along the rod; boundary between orange and green,
cluster 2 and cluster 3 regions. This could be due a change in phase
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and nucleation of a separate precipitate between the regions, cluster 2
and cluster 3. This was the only such feature observed.

Not all rod precipitates were observed with these small precipitates
at one end or part way along the rod. It is probable that if rods have
nucleated on small precipitates that in many cases these have then been
incorporated into the larger feature. The sites shown in Fig. 10 are in
the two alloy H conditions, however such sites were also observed in
LiFA (figure A.4). The lack of nucleation sites in LdFA is most likely
linked to the lower volume of material sampled and the low density
of small precipitates (Fig. 9) and such sites could be observed if more
volume was sampled.

The authors propose the following mechanism to explain these
observations. The role of Cu in the immediately aged samples is to
modify the size and number density of nuclei formed during pre-ageing.
Cu increases the number density of nuclei. We propose that this is due
to a reduction in the precipitate-to-matrix interfacial energy, which
would explain the change in precipitate morphology with the addition
of more Cu. This reduction in interfacial energy may be due to changes
in the precipitate’s phase and internal structure or due to Cu changing
the structure of the precipitate-to-matrix interface. The high Cu alloy

Materialia 42 (2025) 102448

pre-aged precipitates are spherical and show no preferential growth
direction. This high density of nuclei then remain stable at the final
ageing temperature, as observed via the absence of a dissolution peak
B in DSC traces, and this leads to an overall higher number density of
precipitates in HiFA than LiFA.

In the delayed ageing samples, where clusters have formed during
natural ageing, Cu is not seen to have changed the characteristics of
these cluster after pre-ageing. A similar fraction of solute is clustered
in LdPA and HdPA and the clusters are similarly sized. In both alloys
a dissolution peak B is seen to begin when these alloys are raised to
the final ageing temperature. Where the Cu creates a difference is in
the number of small precipitates present in the material after FA. The
authors propose that Cu is stabilising more clusters, so they do not
dissolve in the initial stages of FA. These surviving clusters and/or small
precipitates can then act as nucleation sites for further precipitates,
leading to an overall higher number density of precipitates in HdFA
than LdFA.

5. Conclusions

Immediate pre-ageing of both high and low Cu alloy variants pro-
duces stable nuclei, which leads to a high final density of precipitates.
The high Cu addition alloy has a higher number density of nuclei
after pre-ageing, due to a modification in size and morphology, and
thus a subsequent higher number density of final precipitates and
correspondingly, yield strength.

Pre-ageing after significant natural ageing, does not create stable
nuclei, instead a population of largely unstable solute clusters are
present in both alloys. Cu is seen to increase the density of small
precipitates present after FA and is thought to be increasing the stability
of more solute clusters so a smaller fraction dissolve. This leaves a
higher density of nucleation sites and thus a higher overall precipitate
number density and strength in the high Cu alloy variant, compared to
the low Cu variant.
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Fig. 10. Atom maps of potential nucleation sites observed in alloy H. Three panels are shown for each site. Left: Mg atoms extracted by maximum separation method, coloured
by clusters split by Gaussian mixture method (Fig. 5). Central: All Mg atom before maximum separation applied. Right: All Si and Cu and 5% of Al in the same region. The atom
maps in (a) and (b) have depths 8 nm and 6 nm respectively. Such sites were also observed in alloy L, figure A.4. (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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