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Introduction establishment of the vacancy equilibrium at 180 °C

The age-hardenability of AlI-Mg-S5i alloys is of great
importance for their industrial application. Ideally,
artificial ageing (AA) at ~ 180 °C is carried out
immediately after quenching from the solutionising
temperature (~ 540 °C) to strengthen the alloys by
the formation of needle-like monoclinic B” precipi-
tates [1, 2]. In practice, however, a delay at room
temperature (RT) after solutionising is inevitable and
leads to a reduction in the hardening kinetics and the
achievable strength during the following AA [3-5].
One reason for this negative effect of natural ageing
(NA) lies in the fact that clusters formed during NA
cannot transform into B” during AA [6] but rather
reduce the solute supersaturation. Another possible
explanation might be that the vacancy concentration,
which plays a vital role in the diffusion of solute
atoms, is lowered by the annihilation of vacancies by
sinks [7] and the “vacancy-prison” effect of the
formed NA clusters [8]. To compensate the adverse
effect of NA, various methods have been developed
over the past decades.

One viable method is microalloying the Al alloy
with Sn, which can bind with vacancies strongly at
RT. As the diffusion of solute atoms requires vacan-
cies, a reduction of available vacancies can greatly
retard the undesired NA [9]. Upon subsequent AA,
the binding between Sn atoms and vacancies weak-
ens and some of the trapped vacancies are released,
thus facilitating the subsequent precipitation and
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[9]. As a result, a significant AA hardening potential
can be obtained in a Sn-added alloy even after long
NA [10].

Another commonly used method is pre-ageing
(PA). In this approach, samples are artificially
underaged immediately after solutionising and
quenching, which improves the AA response after
NA [4, 11-16]. The PA temperature is normally above
a critical value (~ 67 °C) and favours the formation
of PA clusters, which then may further grow into "
precipitates during the following AA [17]. Note that
in this paper, the term “PA cluster” is used to label
the phase formed during PA, regardless of the dif-
ferent notations found in the literature, including PA
cluster [15], Cluster (2) [18], GP zone [19, 20] and pre-
B [21]. Although pre-ageing has been proved to be
efficient in diminishing the negative effect of NA, the
accompanying strength increase and also the
strengthening during following natural secondary
ageing (NSA) reduces formability. Therefore, it has
been suggested by some researchers [14, 22] that the
PA time and temperature must be controlled in order
to achieve a trade-off between an acceptable forma-
bility and a good AA response. The above-mentioned
potential of added Sn in maintaining the alloy’s sta-
bility at RT might provide additional freedom in
finding favourable conditions, which has been the
motivation for this work.

Moreover, the effect of microalloying (e.g. Cu and
Ag) on the performance of PA has been investigated.
It was found that Cu addition modifies the cluster
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composition and enhances the formation of clusters
that can act as precursors of elongated precipitates
[23]. Weng et al. [24] claimed that the attractive
interaction between Cu/Ag and Mg enables the
nucleation of Mg-5i-Cu(Ag) co-clusters and therefore
increases the number density of PA clusters. Never-
theless, the possibility of combining PA treatment
and Sn addition in diminishing the detrimental effect
of NA on the subsequent AA (both hardening rate
and peak strength) has so far received little attention.
A strategy in realizing the potential of these two
methods concurrently is still pending. Thus, in the
present work, we explore this possibility systemati-
cally. PA at both low and high temperatures (100 °C
and 180 °C) is carried out on Al-Mg-Si alloys with
and without Sn addition, and the mechanism con-
trolling the following natural secondary ageing
(NSA) and artificial ageing (AA) is clarified. More-
over, a designed combination of PA and Sn addition
should contribute to overcoming the negative effect
of NA on AA.

Experimental

Industrial AA6014 alloys with and without Sn were
manufactured by the Novelis Research and Tech-
nology Center Sierre and received as sheets of 1 mm
thickness. The alloy compositions are given in
Table 1. The two alloys contain the same total amount
(1.35 at.%) of main alloying elements, but differ
slightly in Mg, Si and Cu contents. Solution heat
treatment (SHT) was performed at 570 °C for 60 min
with argon as a protective gas followed by a quench
in ice water. Samples were then either stored in an
incubator running at 20 °C for NA or immersed into
an oil bath held at 100 °C or liquid metal (LM) Bis;
Snys at 180 °C for PA. After PA, the same incubator
was employed for the subsequent NSA. Optional
natural ageing at 20 °C for 4 h or 8 h was conducted
before PA at 100 °C for alloy 6014-705n. Final AA was
carried out in LM at 180 °C after 1 week of NA/NSA.

2151

30 min AA is used to simulate a typical paint baking
(PB). The heat treatment procedures are described in
Fig. 1.

After heat treatments, Brinell hardness was mea-
sured by employing a Qness 60 M tester (1 mm
diameter tungsten carbide indenter, 10 kg load and
10 s loading time). At least 10 indentations were
performed for each sample. In-situ electrical resis-
tivity measurements were performed using a four-
point probe system with a current of 100 mA. Sample
wires (usually 500 mm long, 0.82 mm in diameter)
were kept in an oil bath at 20 °C during the mea-
surements. The change of resistivity (Ap) during NA/
NSA is calculated by subtracting the initial value
measured after 2 min to 3 min NA/NSA. Differential
scanning calorimetry (DSC) measurements were
carried out on 1-mm thick samples of 5 mm diameter
in a Netzsch 204 F1 Phoenix, with a reference sample
of pure Al (99.999%). To avoid storage at RT, samples
were stored in liquid nitrogen immediately after the
various heat treatments. After being held for 5 min in
the pre-cooled (0 °C) chamber, DSC analyses were
performed from 0 to 400 °C with a scanning rate of
10 K min~'. The curve obtained with two empty
crucibles was used as the baseline. For TEM charac-
terizations, samples were firstly ground to less than
0.1 mm in thickness, punched into discs (3 mm in
diameter) and then electrolytically thinned with
electrolyte of 24 vol.% nitric acid and 76 vol.%
methanol at — 30 °C. TEM images were obtained
using a FEI Tecnai G2 F20 S-TWIN TEM operated at
200 kV. High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM)
imagining was performed on a spherical aberration
probe corrected FEI Titan G® 80-200 ChemiSTEM
operated at 200 kV.

Table 1 Chemical compositions of the alloys as determined by inductively coupled plasma optical emission spectrometry (except for Sn).

For Sn, a nominal value is given

Alloy & compsition Mg (at.%) Si (at.%) Sn (at. ppm) Cu (at.%) Fe (at.%) Mn (at.%)
6014 0.72 0.58 0.05 0.09 0.04
6014-70Sn 0.81 0.54 - 0.12 0.04
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Figure 1 Schematic representation of heat treatment procedures. Measurements were carried out a during NSA, b after 1 week of NA/
NSA and subsequent AA, and ¢ to study the influence of NA before PA.

Results

State during natural (secondary) ageing
(NA/NSA)

After solutionising and quenching, Sn addition
delays hardening during NA. Alloy 6014 shows a
continuous hardness increase upon ageing, while
alloy 6014-70Sn maintains a nearly constant hardness
for 8 h before an increase is observed (grey lines in
Fig. 2). After "2 year, both alloys reach ~ 72 HBW.
For the PA-treated alloys, the hardness shows sub-
stantial increase at both 100 °C and 180 °C, though
hardening of alloy 6014 is more pronounced than that
of alloy 6014-70Sn, see the insets in Fig. 2. Such PA
treatment can greatly retard the following hardening
during NSA of both alloys. When the time of PA
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Figure 2 Hardness evolution during NA and NSA after PA at

a 100 °C and b 180 °C for alloys 6014(Sn). “AQ?” refers to the as-
quenched state directly after solutionizing and quenching. The
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treatment is > 10 min at 100 °C and > 1 min at
180 °C, respectively, a stage of initially constant
hardness appears in alloy 6014.

Figure 3 shows the change of electrical resistivity
of 6014(Sn) alloys during NA and NSA. During NA,
the resistivity increase of alloy 6014 exhibits distinct
stages on the logarithmic time scale, similar to the
observations in our previous study [25]. Sn addition
markedly slows down the resistivity change and only
after ~ 1 week of NA the resistivity increases of
these two alloys reach a comparable value. For both
alloys, PA not only slows down the resistivity
increase but also reduces the value achieved within
1 week of NSA. The initiation of resistivity increase
in alloy 6014-70Sn occurs later than the alloy 6014
after the same PA treatment at 100 °C, but eventually
reaches higher values than the Sn-free alloy.
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hardness evolution during PA at a 100 °C and b 180 °C is given in
the insets (more data for longer PA times can be found in [26]).
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Figure 3 Changes of electrical resistivity in alloys 6014(Sn)
during NA and NSA.

State after 1 week of natural (secondary)
(NA/NSA) and subsequent artificial ageing
(AA)

DSC analysis of 6014(Sn) alloys after various heat
treatments is shown in Fig. 4. Right after quenching
(“AQ”, grey lines), alloy 6014 exhibits three exother-
mic peaks caused by the formation of clusters
(around 75 °C), B” precipitates (around 247 °C) and
B’ (around 298 °C). The corresponding DSC curve of
the as-quenched alloy 6014-70Sn shows a comparable
shape but with evident discrepancy: the cluster peak
is much smaller and the " and B’ peaks appear at
higher temperatures. The cluster peak of alloy 6014 is
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Figure 4 DSC traces in alloys a 6014 and b 6014-70Sn after various heat treatments measured at a scanning rate of 10 K-min™".
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reduced strongly by 1 week of NA but besides this
NA shows a similar influence on the DSC trace of
both alloys: An endothermic cluster dissolution
trough [19] appears right before the B’ peak and both
B’ and P’ peaks are delayed to higher temperatures.
When PA is applied to the two alloys, the dissolution
trough is gradually diminished and the B and f’
peaks are shifted to lower temperatures as PA times
increase.

Figure 5 compares the hardness before and after
1 week of NA/NSA in these two alloys as well as its
evolution during subsequent AA. The hardness right
after quenching with and without ensuing PA is
taken from Fig. 2 and marked with green boxes. After
quenching and 1 week of NA, a hardness value ~
69 HBW is reached for both alloys. When PA is
carried out, the hardness after 1 week of NSA is
smaller and the reduction is much more pronounced
in alloy 6014-70Sn than in alloy 6014 (orange boxes).
During subsequent AA, hardnesses of as-quenched
6014(Sn) alloys increase continuously (grey curves),
from the initial ~ 40 HBW to a saturation value
of ~ 109 HBW for both alloys. After 1 week of prior
NA, a hardening stagnation or even a slight hardness
drop is observed in the early stage of AA in both
alloys (black curves). NA also delays the AA kinetics
and reduces the AA hardening response. Compared
to the alloys only naturally aged for 1 week, alloys
after PA and NSA do not show any initial decrease
during AA except for alloy 6014 after 1 min PA at
180 °C. The prior PA also accelerates the hardness
increase and improves the achievable hardness.
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Figure 5 Hardness evolution in 1 week of NA/NSA and during subsequent AA in alloys a 6014 and b 6014-70Sn.

To unveil the structural origin of hardness evolu-
tion, microstructures of 6014(Sn) alloys after different
heat treatments were further investigated by bright-
field TEM. After 4 h of direct AA, densely distributed
precipitates are found in both alloys (Fig. 6a, b), while
only few precipitates are observed in the alloys with
1 week of prior NA included (Fig. 6c, d). Additional
30 min PA at 100 °C before NA is found to increase
the number density of precipitates, and this

(a) 4h AA (¢) 1w NA + 4h AA

50 nm' i é" i
(d) 1w NA + 4h AA

50 nm

Figure 6 Bright-field TEM images of alloys 6014 and 6014-70Sn
after 4 h AA a, b; after 1 week NA and 4 h AA ¢, d; after 30 min
PA at 100 °C, 1 week NSA and 4 h AA e, f and after 10 min PA at
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behaviour is more pronounced for alloy 6014 (Fig. 6e,
f). For both alloys, 10 min PA at 180 °C also promotes
the formation of precipitates with even higher num-
ber density than for 30 min PA at 100 °C, as illus-
trated in Fig. 6g, h. The average precipitate cross-
section is estimated by measuring at least 200 pre-
cipitates and the results are listed in Table 2. It can be
found that precipitates in the two alloys after 4 h AA
have similar cross-sections, while 1 week of NA

100°C + 1w NSA + 4h AA () 10min@180°C + 1w NSA + 4h AA
S SET 2 TR T

s

50 nm

6014-70Sn

180 °C, 1 week NSA and 4 h AA g, h, respectively. Black arrows
point at cross-sections of the precipitates formed. All images were
taken in the [100]4; zone axis.
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Table 2 Average cross-sections of precipitates formed in alloys 6014(Sn) for selected ageing conditions

Alloy & 4h AA Ilw NA + 4 h AA 30 min@100 °C 4+ 1w NSA +4h 10 min@180 °C + 1w NSA + 4 h
condition AA AA

6014 (746 £ 5.18) nm*> (1.72 £ 1.08) nm*> (2.36 + 1.04) nm? (6.96 + 4.14) nm?

6014-70Sn (7.61 &+ 5.18) nm?> (135 + 0.85) nm®> (3.93 + 2.74) nm?> (10.07 + 5.13) nm?

notably decreases their size. PA at both 100 °C and
180 °C shows potential in promoting the growth of
precipitates, especially for alloy 6014-705n pre-aged
at 180 °C.

To determine the type of precipitates observed in
bright-field TEM, they were characterized by atomic-
resolution HAADF-STEM as presented in Fig. 7.
“Eye-like” structures (marked by dashed orange cir-
cles) are frequently observed for precipitates formed
in both alloys after all the treatments. It is also noticed
that bright dots can be clearly identified inside the
precipitates formed in alloy 6014-70Sn (labelled by
red arrows). For the HAADF-STEM technique, the
image intensity is proportional to Z'”~' [27-29] with
Z as the atomic number, and the bright dots observed
will be further discussed in detail and attributed to
Sn substitution in “Precipitation during artificial
ageing (AA) in the presence of Sn” section. Another

interesting finding for the Sn-added alloy is that the
precipitate areas surrounding the bright dots show
unclear lattice structure and appear to be disordered.
Moreover, some PA clusters possess the similar FCC
structure as Al matrix (spots in fast Fourier transform
patterns are only from Al) can also be found in the
alloys after 4 h direct AA (Supplementary Fig. S1).
The bright dots indicate the existence of Sn in the PA
clusters formed in alloy 6014-705n (Supplementary
Fig. Slc).

Effects of natural ageing on pre-ageing (PA)
of alloy 6014-70Sn

The effect of an additional initial NA step on the
various ageing behaviours of alloy 6014-70Sn is
shown in Fig. 8. Compared to the as-quenched alloy,
the DSC trace obtained for a sample after 8 h NA

(a) 4h AA ](c) 1w NA + 4h AA "(e) 30min@100°C + 1w NSA + 4h AA {(%) 10min@180°C + 1w NSA + 4h AA
et
' 9 B "o
: : =
o4 .
aI; Ak th 2
ENNENEENNNI 0014 SSRGS 0014 iy #6014 | 6014
(b);lh AA i(d) 1w NA + 4h AA {(F) 30min@100°C + 1w NSA + 4h AA |(h) 10min@180°C + 1w NSA + 4h AA
2R ;:xxlxml E - -
Sn
Disordered:
4 structure ¥
6014-70Sn 6014-70Sn 6014-70S8n|

Figure 7 HAADF-STEM micrographs of precipitates in alloys
6014(Sn) after heat treatments corresponding to Fig. 6. Dashed
orange circles mark the typical “eye-like” units, while red and

white arrows point to the bright dots and disordered structure
inside the precipitates, respectively.
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Figure 8 a DSC traces for alloy 6014-70Sn directly after
solutionising and quenching (AQ, black, same data as in Fig. 4b
but different scale) and after 8 h of NA (green). b—d Influence of
PA (10 min at 100 °C) and additional NA (4 h and 8 h) before PA
on b the hardness evolution during NA/NSA, ¢ Ap in 1 week of

exhibits a larger peak “1” with a lower peak tem-
perature (Fig. 8a). NA up to 8 h hardly changes
hardness (black curve in Fig. 8b), but promotes the
hardening response during the subsequent 10 min
PA at 100 °C, which becomes more pronounced with
an increase of NA time (see dotted arrows in Fig. 8b).
Moreover, the delaying effect of PA on the following
NSA is further enhanced by NA and the hardness
value reached after 1 week of NSA is also notably
reduced. Electrical resistivity measurements were
also carried out to evaluate the effect of NA (Fig. 8c):
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NA/NSA and (d) AA after 1 week of NA/NSA. The hardness data
for the black and red curves in b and d are taken from Fig. 2a and
Fig. 5b, respectively. The resistivity data for the cases of “No PA”
and “10 min PA without NA” in ¢ are taken from Fig. 3.

The resistivity increase during 1 week of NA (1st bar)
is strongly reduced by 10 min PA at 100 °C (2nd bar)
and can be further suppressed by NA prior to PA
(last 2 bars). Even when we consider the total resis-
tivity increase at RT including NA (green) and NSA
(orange), much lower values are still found when NA
is performed. In addition, during final AA at 180 °C
after 1 week of NSA, NA before PA also gives rise to
faster ageing kinetics and superior hardening
response (Fig. 8d).
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Discussion

Effect of Sn on clustering during natural
(secondary) (NA/NSA) and pre-ageing (PA)

During NA of solutionised and quenched alloys, the
diffusion of solute atoms leads to the formation of
NA clusters with the assistance of quenched-in
vacancies. These NA clusters can act as obstacles for
moving dislocations and contribute to the hardening
of alloys, see Fig. 2. On the other hand, NA clusters
also give rise to additional electron scattering [30],
which results in an increase in electrical resistivity
(Fig. 3). For alloy 6014-70Sn, the found retarded
hardness and resistivity increase during NA can be
explained by the strong interaction between Sn atoms
and vacancies with an energy around 0.25 to 0.28 eV
[31, 32]. Our previous work has also revealed that
even at a temperature as high as 250 °C vacancies can
be bound by Sn for a notable period [26]. As a result,
vacancy-assisted solute diffusion is retarded and NA
kinetics is slowed down.

PA has been proposed to reduce and even sup-
press subsequent clustering at RT [11, 33], in agree-
ment with the observed slower kinetics of hardness
and resistivity evolution during NSA. Two mecha-
nisms should account for this: first, the decreased
solute supersaturation after formation of PA clusters;
second, the lowered vacancy concentration after PA
(vacancies either go to sinks or are trapped by pre-
formed clusters) [26]. For the effect of Sn addition,
much slower NSA kinetics is still found in alloy
6014-70Sn than in alloy 6014 after the same PA
treatments (Fig. 2 and Fig. 3). Therefore, it appears
that although the Sn-vacancy binding might weaken
at PA temperatures, Sn atoms interact with vacancies
strongly again after quenching and slow down the
kinetics of NSA. Despite the slower ageing kinetics
during NSA in alloy 6014-705n than in alloy 6014, the
total increment of resistivity (Fig. 3) after the same
PA treatment at 100 °C is eventually larger in alloy
6014-70Sn, i.e. the curves cross. As the formation of
PA clusters at 100 °C is still retarded by Sn addition
(inset in Fig. 2a), a lower consumption of solutes
during PA in alloy 6014-70Sn can be deduced.
Moreover, because Sn alters the ageing course only
through controlling vacancy migration [34], the larger
NSA potential in alloy 6014-70Sn can be attributed to
more available residual solutes.
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We now analyse the alloy after 1 week of NA/
NSA. The reduction of the cluster peak in the DSC
traces (Fig. 4a, b) is associated with the reduction of
solute atoms and vacancies, which are consumed
during formation of NA clusters. Such NA clusters
are not stable, as confirmed by the observed disso-
lution trough. In addition, it can be seen that
although Sn addition slows down the formation of
NA clusters, both 6014 and 6014-705n alloys show a
similar hardness increment, resistivity change and
area of dissolution trough during 1 week of NA
(Fig. 9a), revealing the formation of a comparable
amount of NA clusters in the presence of Sn. For PA
samples, NA clustering (Fig. 9a) is reduced, in line
with the discussion in last paragraph. In addition,
both PA temperature and Sn addition are found to
have an influence on the effect of PA. Specifically, PA
at 100 °C is more effective in alloy 6014 than in alloy
6014-705n, while alloy 6014-70Sn is more significantly
influenced by PA at 180 °C (as indicated by the
orange dashed arrows Fig. 9a). The different vacancy
behaviours depending on the PA temperatures in the
presence of Sn should be the reason for this. Because
a short exposure to 180 °C can release vacancies from
Sn, one can expect a faster formation of PA clusters
and a faster vacancy loss compared to exposure to
100 °C. At the same time, the difference between the
PA clustering rate of alloys with and without Sn is
also reduced at 180 °C. During ensuing NSA, Sn
atoms become effective again in trapping vacancies.
All these factors result in the superior capability of
the combination of Sn addition and PA at 180 °C to
inhibit NSA for 1 week.

Precipitation during artificial ageing (AA)
in the presence of Sn

In the condition “AA right after quenching”, the
generally accepted assumption is that high solute
supersaturation and, for a very short period, possibly
also the high vacancy concentration can promote the
formation of precipitates [8, 35]. This is in good
agreement with the observed finely dispersed pre-
cipitates after 4 h AA (Fig. 6a, b). Atomic-resolution
HAADF images (Fig. 7a, b) reveal that precipitates
formed in both alloys contain “eye-like” structures,
which have been claimed to be the sub-units of the
main hardening phase—f” [36]. Thus, the fastest
hardness increases can be explained (Fig. 5a, b). In
addition, different from the pure B found in alloy
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Figure 9 a Hardness increment, electrical resistivity change and
area of DSC dissolution trough “2” after 1 week of NA/NSA.
Orange dashed arrows represent the influence of Sn addition. b PB
response after 1 week of NA/NSA obtained by subtracting the

6014, bright dots and a surrounding disordered
structure are found after adding Sn (Fig. 7b). As
heavier atoms can give rise to brighter contrast in the
HAADEF-STEM mode [27-29] the observed brighter
dots inside precipitates can be attributed to the
incorporation of Sn, Fe and/or Mn atoms. However,
if Fe or Mn were included in precipitates, they should
also be observable in alloy 6014. Since bright dots are
found only in the Sn-added alloy, they must be Sn
atoms. The existence of Sn atoms in precipitates
formed by artificially ageing Al-Mg-Si-Sn alloys has
also been evidenced in previous studies, not only
experimentally by atom probe tomography [9, 37]
and EDS measurements at near-atomic resolution
[38] but also by density functional theory calculations
[38]. This finding provides evidence that Sn atoms
can capture vacancies, diffuse and participate in AA
precipitation. Regarding the disordered structure
inside precipitates, Liu et al. [38], who studied the
precipitation behaviours of an Al-Mg-5Si-Sn alloy
aged at 250 °C, attributed it to the formation of /B
composites. In our study, however, the ageing tem-
perature (180 °C) and time (4 h) applied are appar-
ently not enough to trigger the formation of f'.
Moreover, Mortsell et al. [39] reported that Ge can
induce a disordered structure in AI-Mg-Si alloy aged
at 180 °C by replacing Si in precipitates. Therefore,
considering the chemical similarity between Sn, Ge
and Si, the disorder found is assumed to be caused by
the replacement of Si with Sn atoms in B”. This
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assumption also applies to the precipitate structure
formed in artificially aged alloys with prior NA and
PA (Fig. 7d, f, h). Due to the attractive interaction
between Mg and Sn [40], one may also expect the
formation of Mg,Sn. However, no such phase has
been identified in the current work, in agreement
with a series of previous reports [9, 38, 41]. According
to Weng et al. [42], who studied Al-Mg-5Si alloys
containing Sn ranging from 0 to 0.2 wt. %, the failure
to observe Mg,Sn phase might be a result of the
extremely low concentration of Sn.

After 1 week of NA, the number density (Fig. 6e-h)
and average cross-section (Table 2) of B formed
during AA are all reduced, resulting in the reduced
hardening response and postponed B’ DSC peak.
Such negative effect is associated with the impris-
oned vacancies and reduced solute supersaturation
during NA. The potential of Sn in promoting AA of
naturally aged Al-Mg-Si alloys is not observed
(Fig. 5b and Fig. 6d). This means that although NA
clustering is slowed down by Sn generally, its nega-
tive effect on the following AA can still set in if suf-
ficient clusters have formed given that the NA time
has been long enough. It has also been found that PA
in both alloys can significantly increase the precipi-
tate number density (Fig. 6e-h) and average cross-
section (Table 2), contributing to the improvement of
hardness (Fig. 5a, b) and thus, mitigating the negative
effect of NA on AA. One possible reason is the sup-
pression of NSA clustering caused by the reduced
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solute and vacancy concentrations after PA. This is
supported by the correlation between the PB
response and the extent of NSA suppression (see
thick green arrows in Fig. 9a, b). Another possible
reason for the enhanced AA behaviour could be that
PA clusters are transformable precursors for B”. For
PA clusters, the average Mg/Si ratio (~ 1.0 [15, 43])
is higher than for NA clusters (~ 0.66 [15]) and closer
to that of B’ (0.9-1.1 [15, 20]). Moreover, their size is
larger than the critical size for nucleation at AA
temperature [20, 44]. Both factors enable PA clusters
to act as nuclei for B’ during ensuing AA. The
broader DSC peak for B, the much higher number
density and larger average cross-section of f”
observed after PA are thought to be the result of the
existence of nuclei for p”.

In engineering practice, formability before panel
stamping must be considered, which requires a low
alloy strength after PA and NSA. It has been shown
that alloy 6014 possesses relatively higher hardness
after 1 week of NSA than the Sn-added one (orange
boxes in Fig. 5a, b), either resulting from the higher
PA hardness or from the NSA response. Evidently, in
alloy 6014-70Sn the strongly delayed PA and NSA
processes help to meet the formability requirement,
while the good AA response can be ensured by a
higher PA temperature.

A schematic showing the influence of Sn on the
ageing behaviour of Al-Mg-Si alloys is given in
Fig. 10. In the as-quenched Sn-free alloy, vacancies
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are free or attached to solutes weakly and transport of
solutes during the subsequent PA and the associated
formation of PA clusters is facilitated. NA clustering
happens during the following NSA with the residual
vacancies and solutes. In the final AA step, some NA
clusters dissolve and some remain stable, while PA
clusters further grow into B”. In comparison, vacan-
cies are likely to be trapped strongly by added Sn
atoms after quenching. When PA treatment is
applied, Sn-vacancy binding is weakened but still
exists, and the amount of PA clusters formed is
reduced. In the following NSA, the diffusion of
vacancies is again strongly slowed down in the
presence of Sn and therefore NA clustering is sup-
pressed. In the final AA treatment, Sn atoms can
participate in the formation of B”-type precipitates
and cause disordered phase by occupying the origi-
nal Si position.

Sn-induced positive effect of natural ageing
(NA)

Surprisingly, the application of NA before PA can
improve the performance of PA at 100 °C in alloy
6014-705n (Fig. 8). This is contrary to the findings in
Sn-free Al-Mg-Si alloy reported by Torseeter et al.
[43], where the formation of PA clusters is adversely
influenced by 1 week of NA, due to the depletion of
solute in the vicinity of the NA clusters formed.
However, it has also been speculated that Si-vacancy

After PA+NSA

%Oc@»

ks (@OO =
N
ooo(%c@
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[

Figure 10 Schematic diagram showing the influence of Sn on the ageing behaviour starting from the as-quenched state to after PA, after

PA + NSA and after PA + NSA + AA.
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complexes or small Si clusters formed during
quenching are able to promote the formation of PA
clusters [11]. Therefore, we suspect that the discrep-
ancy between the different roles of NA clusters dur-
ing PA might be associated to their size, pointing at
the NA clustering process being modified by Sn
addition. Compared to the Sn-free alloy, the distance
that solutes in the presence of Sn can diffuse in unit
time during NA is largely reduced owing to the
decreased number of available vacancies (as descri-
bed in “Effect of Sn on clustering during natural
(secondary) (NA/NSA) and pre-ageing (PA)” sec-
tion). Consequently, smaller but more densely dis-
tributed clusters are formed in alloy 6014-70Sn than
in alloy 6014. This is supported by our previous
resistivity measurements [34], as well as by a com-
parable phenomenon observed in Al-Mg-Si alloys
containing Cu atoms, which also have stronger
binding with vacancies than Mg/Si solutes [45]. After
8 h of NA, clusters are formed. Although they are not
large enough to induce hardening more than mar-
ginally (black curve in Fig. 8b), they can result in an
increased electrical resistivity (Fig. 8c). On the one
hand, these small clusters will further grow into lar-
ger NA clusters at RT, as revealed by the appearance
of hardening after an incubation period of 8 h in
Fig. 8b. On the other hand, the elevated PA hardness
after NA (Fig. 8b) might indicate that these clusters
can transform into PA clusters at 100 °C. Moreover,
the broadened DSC clustering peak (Fig. 8a), which is
related to the formation of PA clusters considering a
peak temperature much higher than RT, also points
at promoted PA kinetics. As a result, the accelerated
formation of PA clusters suppresses NSA (Fig. 8b, c)
and promotes AA kinetics and response (Fig. 8d).

Conclusions

We investigated the combined effects of Sn addition
and pre-ageing (PA) on the ageing behaviour of Al-
Mg-Si alloys, aiming to find a favourable combina-
tion that suppresses natural secondary ageing (NSA)
and enhances subsequent artificial ageing (AA).

1. PA can suppress the formation of natural ageing
(NA) clusters and improve the AA kinetics and
response after 1 week of NSA in alloys with and
without Sn.
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2. The strong interaction between Sn and vacancies

notably delays PA kinetics at 100 °C. Therefore, a
higher PA temperature (e.g. 180 °C) is required
for a more effectively suppressed NSA and a
larger AA response in Sn-added alloy by weak-
ening the Sn-vacancy binding.

3. An undesired high hardness for Sn-free alloy

after PA and subsequent NSA can be lowered by
the addition of Sn while maintaining the AA
potential.

4. The effect of PA at 100 °C in 6014-705n can be

promoted by prior NA, which can be ascribed to
the transformation of Sn-induced small clusters
formed at RT to PA clusters when aged at 100 °C.
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