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Abstract

Al-Mg-Si-Cu alloys exhibit natural aging, which negatively
influences artificial aging. Additions of trace elements have been
recently shown to eliminate this effect: At room temperature
quenched-in vacancies are trapped by trace solutes in the ppm
range and natural aging is suppressed, while at higher
temperatures these vacancies are released and artificial aging is
promoted. In this study we determine an optimum in chemical
composition and solution heat treatment temperature for Sn and
In-doped Al-Mg-Si-Cu alloys. Automated thermodynamic
calculations coupled with a statistical evaluation of influencing
parameters on solubility of Mg, Si, Cu, Sn and In were used to
find maximum strengthening potential and dissolved trace
element content. Theoretical predictions are compared to aging
experiments. The method enables detailed and rapid analysis of a
wide compositional and temperature space in multicomponent
systems.

Introduction

Al-Mg-Si-Cu alloys are an important class of aluminum alloys for
applications such as construction, automotive engineering,
shipbuilding, and aircraft engineering [1]. In most cases Al-Mg-
Si-Cu alloys obtain their strength from precipitates formed during
artificial aging at 150 °C to 180 °C after quenching [2]. A number
of different precipitates have been observed to form during
artificial aging. Their nature in terms of structure and chemical
composition as well as their transformation path in various types
of Al-Mg-Si-Cu alloys is rather complex. Figure 1 shows a
summary of the possible precipitates evolving during aging at
temperatures above room temperature (RT).
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Figure 1. Possible precipitates evolving during artificial aging in
Al-Mg-Si-Cu alloys [3, 4]
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It has been claimed that there is an invariant arrangement of Si
nanopillars in particles formed during aging [5], but it is not clear
yet if this is valid for the whole group of Al-Mg-Si-Cu alloys [6].
In general, GP-I zones with a size of 1 to 3 nm are the earliest

stages, which can be observed upon aging at elevated
temperatures [7, 8]. Note that these zones are also called Mg,Si-
clusters [9] or clusters [10] by some authors. " needles [8, 11]
are the most frequently observed precipitates in peak aged
conditions (T6) in alloys without or low amounts of Cu [12].
Various lath-, needle- or rod-shaped phases have been reported for
overaged conditions [3, 4] although some of those phases can also
occur in peak-aged conditions (this is indicated by the arrows in
Figure 1). This behavior depends on the chemical composition
and the individual processing route. For example ° and B" have
been shown to form instead of B if AAG060 is deformed before
aging [13]. Furthermore, the Cu content is known to effect the
type of precipitate formed [4]. A high Cu-content favors the
formation of Q" [3, 12]. However, the rod-shaped phase " [14] is
the most commonly found type in overaged conditions. The phase
B represents the equilibrium Mg,Si phase [3].

Although precipitation during artificial aging in Al-Mg-Si-Cu
alloys is complex and not fully understood, processes that occur
after quenching at RT (natural aging) are even less resolved. Yet,
the topic is of special interest since natural aging is known to
reduce artificial aging kinetics by an order of magnitude and also
the achievable strength in high-strength Al-Mg-Si-Cu alloys [15].
This effect appears quickly after quenching [16, 17], but is largely
unavoidable as there are several constraints in the industrial
production and application of these alloys:

e Technological (necessary manipulation time after
quenching, e.g. for forming operations or for stretching
to reduce internal stresses)

e Physical (due to finite values of the heat transfer
coefticient and the thermal conductivity to heat large
parts to artificial aging temperature)

o Logistical (transport of the quenched material from the
alloy producer to the customer where forming
operations and artificial aging are performed)

In Ref [18] we suggested a mechanism that clusters formed
during natural aging act as prisons for excess-vacancies during
artificial aging and therefore retard the nucleation of precipitates.
Although, this is a simple theoretic conjecture, it has already been
used successfully to present a solution to the problem of natural
aging by manipulation of the excess-vacancy mobility [19].
Through the addition of trace amounts of solutes with high
attractive binding energy to vacancies excess-vacancies are
trapped at RT, which retards the formation of the detrimental
clusters. During subsequent artificial aging the trapped excess-
vacancies are released and enable excess-vacancy assisted fast
nucleation of the strengthening precipitates.

The trapping efficiency of solutes was shown to depend on their
concentration in solid solution and their binding energy to



vacancies [19]. For Sn as one possible trace element we recently
found that its maximum dissolved amount in Al-Mg-Si-Cu
strongly depends on the solution treatment temperature and the
composition of the actual alloy [20].

In this study we present a method to develop Al-Mg-Si-Cu alloys
with high potential for precipitation strengthening and a
maximized concentration of dissolved trace element
concentration. In addition, we explore the possibility to combine
different types of trace elements. An automated thermodynamic
calculation routine coupled with a statistical evaluation of
solubility data is presented as a method for rapid analysis of a
wide compositional and temperature space in multicomponent
systems. The theoretical predictions are validated via natural
aging experiments.

Methods
The compositional parameter space to maximize the content of
solutes responsible for precipitation and the concentration of trace
elements upon a solution heat treatment between

530 °C and 570 °C was studied in accordance to Table I.

Table 1. Compositional ranges (in wt.%)

Element Range
Si 03-15
Fe 0-038
Cu 0-15
Mn 0-05
Mg 03-15
Cr 0-05
7n 0-05
Ti 0-02
Sn 0.015-0.10
In 0.015-0.05
Al Bal.

Design of experiments (DoE) was used to generate parameter
combinations (software used: MODDE™ 7.0) from Table I.
Individual sets of compositions and temperatures were then read
by macro processing to FactSage™ 6.4 software [21]. FACT
FTlite light alloy database (2013) was applied to perform
thermodynamic calculations of the solubility of Mg, Si, Cu, Sn,
and In in FCC aluminum according to the Calphad approach.
Calculated solubility data were then used to create regression
models to allow a quick and easy identification of most important
parameters (composition, temperature) on solubility. More then
6000 equilibrium calculations have been performed to explore the
wide compositional and temperature space.

Table I. Composition of the model alloys (in wt.%)

Alloy 7\ aa | a3 | B | B2 | B3

Element
Si 100 | 1.01 | 1.0I | 0.83 | 0.84 | 0.82
Fe | 028|028 |028]|026]028]|026
Cu |058]059]059 058059057
Mn | 021021021 021022021
Mg |029]029]029|1.16| 1.16 | 1.14
Cr - - - - - -
Zn | 002002002 001|001 ]|001
Ti 002 (003002002002 ]002
Sn - 005005 - - | o005
In - - l003| - 003|003
Al Bal. | Bal. | Bal. | Bal. | Bal. | Bal
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Model alloys to support the theoretical predictions were produced
experimentally according to the compositions given in Table I.
Chemical composition was determined by optical emission
spectrometry.

Solution heat treatment of the alloys was performed in a
circulating air furnace at 530 °C for 20 min. Specimens were then
quenched in water at RT, followed by natural aging at 25 °C in a
peltier-cooled incubator.

Brinell hardness measurements (HBW 2.5/62.5) were performed
in order to follow natural aging.

Results and Discussion

Computational evaluation of trace element additions

Exploration of the effects of the elements given in Table I on the
thermodynamic solute super-saturation of trace elements was
performed by a multi-linear regression using a partial least
squares algorithm. Figures 2, 4 and 5 show the effects of the
compositional parameters listed in Table I on the Sn or In
solubility at 530 °C, 550 °C and 570 °C. A 95 % confidence
interval for the model is given. Statistical parameters such as R’
(explains how well the model fits the data) and Q* (explains how
well the model predicts new data) are also given and were found
to be excellent. The effects display the change in the Sn or In
solute super-saturation when an element is varied from the low
level to the high level (Table I) and all other elements are kept at
their averages. For an interaction effect, the effect of one element
depends on the amount of another element. The interaction effect
represents a synergy or an antagonism of two elements on the Sn
or In solubility.

For an alloy formed from Al, Mg, Si, Cu, Fe, Mn, Cr, Ti, Zn and
Sn, the achievable amount of Sn in solid solution depends on the
following linear effects of the alloying elements: Addition of Mg,
Si, Cu or Zn (descending order) decreases the solubility of Sn.
Higher amounts of Fe, Ti and Mn (descending order) increase the
solubility of Sn. However, these are indirect effects, since the
elements form intermetallic phases with Si and therefore reduce
the Si content. Furthermore, the interaction effects Si*Mg,
Cu*Mg decrease the negative effect of the individual elements on
the Sn solubility (e.g. if Mg and Si are both high, this shows up to
be not so dramatic as expected from the individual effects). An
increase of the solution temperature decreases the negative
influence of Mg and Si. However, the negative effect of Cu
strongly increases with increasing temperature, because Cu-
addition decreases the solidus temperature of the alloy.

Detailed modeling of the reduced system Al-Mg-Si-Cu-Sn
without Fe, Mn, Ti, Zn and Cr, but including the temperature
between 530 °C to 570 °C was used to optimize the solubility of
Sn with regard to a high content of Mg, Si, and Cu. Figure 3
shows contour plots of the major compositional influences on Sn
solubility at (a) 570 °C and (b) 530 °C solution treatment
temperature. Labels at the contour lines indicate the Sn content in
solid solution. Obviously, high Sn solubility can be reached at
high temperature and low Mg and Si content (Figure 3a).
However, no Cu can be added at 570 °C, because Cu strongly
reduces the Sn content due to partial melting. A similar high
solubility of Sn is predicted at lower temperature (Figure 2b), but
enabling a higher Si content and also a much higher content of
Cu, which also leads to a higher solute super-saturation of
elements which promote precipitation strengthening [22].



a) o010 -
530 °C
0.000 EMﬁLJgMgFﬁEa&“% P=-N" S = = N
, 1l .
2
2
w x
-0.010
R2=0.976
-0.020 Q2=0.975
$7 232538 EF 05 2FBESEEAEREES0
553 @2 O3tagh 3% #53fF
) 550 °C|
0.010
&=
0.000 Flﬁ [{1 wnﬁyﬁ‘*’mml-laqlﬁ%?*;«w**_r
5 U J B
8
w
-0.010
R2=0.982
-0.020 Q2=0.981
F5F5E35 R g CRFEASEDEFLEEFA50
a 36 2 Egﬁ gumwswaogggm
c)
570 °C
0.010 i
o HHUUJQ B pims
g
w
0010 :
R2=0.969
Q2=0.969
27233 FEsFFEEIEEABEEDND
& @63 g2 2s5u220%8H

Figure 2. Effects of the alloying elements on the solute super-
saturation of Sn at (a) 530 °C (b) 550 °C and (c¢) 570 °C
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Figure 3. Contour plots of the major compositional influence on
Sn solubility [wt.%] at (a) 570 °C and (b) 530 °C solution
treatment temperature

Indium was also shown to exhibit a high attractive binding energy
to vacancies [23]. Hence, like it was shown for Sn [19] also for In
a positive aging effect can be assumed, providing that a sufficient
amount of In can be dissolved in the aluminum matrix. An
optimal situation with regard to a long suppression of clustering at
RT, would be an combined effect from Sn and In. Figure 4 shows
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the effects of the alloying elements on the solute super-saturation
of Sn when In is present. Addition of Mg, Si, Cu or In decreases
the solubility of Sn in descending order. Higher amounts of Fe, Ti
and Mn (descending order) increase the solubility of Sn, which is
again an indirect effect of the formation of intermetallic phases
with Si. Furthermore, the interaction terms Si*Mg decrease the
negative effect of the individual elements on the Sn solubility,
also if In is present. An increase of the temperature decreases the
negative influence of Mg and increases the negative effect of Cu.
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Figure 4. Effects of the alloying elements on the solute super-
saturation of Sn at (a) 530 °C (b) 550 °C and (c) 570 °C when In
is present

Figure 5 shows the effects of the alloying elements on the solute
super-saturation of In when Sn is present. Contrary to the findings
for Sn, additions of Mg and Cr increase the solubility of In
(descending order). Higher amounts of Sn, Ti, Mn and Cu
decrease the solubility of In in descending order. Si can be either
positive or negative, depending on the temperature. At low
temperature a higher amount of Si increases the In solubility while
at high temperature Si reduces the In solubility. The positive



effect of Mg addition at low temperature also reduces with rising
temperature. As observed for the Sn solubility, Cu shows a
pronounced negative effect at high temperature due to partial
melting.
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Detailed modeling of the reduced system Al-Mg-Si-Cu-Sn-In in
the temperature range between 530 °C to 570 °C revealed that an
opposing trend exists for the achievable solubility of Sn and In.
Figure 6 shows contour plots of the major compositional
influences on the solubility of Sn and In at 530 °C. High In
solubility can be reached at 530 °C with a high amount of Mg and
a low amount of Sn (Figure 6a). Also Cu can be added at 530 °C
to increase the potential for precipitation strengthening. However,
the behavior of In is opposing a maximization of the Sn content in
solid solution. High solubility of Sn can be reached at 530 °C with
a low amount of Mg and a low amount of In (Figure 6b). Also in
this case Cu can be added to increase the potential for
precipitation strengthening. Nevertheless, a combination of Sn
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and In to increase their total amount dissolved in aluminum seems
not possible from a thermodynamic point of view.
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Figure 6. Contour plots of the major compositional influence on
(a) In and (b) Sn solubility at 530 °C

Design of alloys and validation of predictions

In Ref. [22] a high nominal content of Mg, Si and Cu was
generally shown to increase the amount of those elements in solid
solution, if the solution treatment occurs about their solvus
temperature and below the solidus temperature of the alloy.
Furthermore, Fe and Ti are known to reduce the amount of Si
dissolved in the aluminum matrix [22]. According to these aspects
and the results from our parameter space investigation for the
achievable amount of dissolved trace elements with high binding
energy to vacancies, we designed the alloys shown in Table I.
Beside this, we considered some restrictions for industrial alloys
(e.g. for the production from secondary raw material). All alloys
are optimized for a solution treatment temperature of 530 °C.
Alloy group A is designated to a maximized Sn solubility. Thus, a
fairly small Mg content was chosen (see Figure 3). However, Cu
was added to increase the potential for precipitation strengthening.
Alloys Bl to B3 exhibit an optimized composition for high In
solubility. In this alloy group the Mg content is high. Also here a
high Cu content was chosen.

In addition to the development of a high strength alloy with
retarded clustering during natural aging, the following questions
were considered in choosing the alloy compositions: 1) how
trustful are the results from thermodynamic predictions for the
solubility of trace elements in a wide parameter space and ii) is it
possible to combine the effect of two trace elements with strong
binding energy to vacancies?

Figure 7 shows hardness curves upon natural aging at 25 °C for
all alloys after quenching from 530 °C. The addition of 0.06 wt.%
Sn (above the predicted solubility limit) to alloy Al retards
hardening for approximately 2 weeks (alloy A2, Figure 7a). For
an addition of 0.03 wt.% of In to A2 no combined effect of the
two trace elements is perceived, i.e. alloy A3 also starts hardening
after 2 weeks at 25 °C. This finding is perfectly supported by our
findings in Figures 5 and 6. If the system is optimized for Sn and
Sn is present, In can hardly be dissolved in aluminum.

Figure 7b shows natural aging results for the alloys optimized for
the addition of In. The addition of 0.03 wt. % In (above the
predicted solubility limit) to the alloy B1 retards the hardening
only for 1 day (alloy B2, Figure 7b). Again, a combined effect due
to Sn and In is not achievable. B2 shows nearly the same behavior
as the alloy B3 containing both elements B3.

Comparing groups A and B also fits to the predictions made in the
previous section. It was reported that the amount of dissolved
trace elements influences the suppression of hardening [19]. The
dissolvable amount of In is predicted to be lower than that of Sn
(see Figure 6). Furthermore the binding energy of In to vacancies
is around 25 % lower than the binding energy of Sn [23].
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Figure 7. Hardness curve upon natural aging for (a) alloys Al, A2,
A3 and (b) B1, B2, B3

Conclusions

We showed a method to develop alloys with high potential for
precipitation strengthening and maximized solubility of trace
elements to modify clustering.

e A high solute super-saturation of Sn in Al-Mg-Si-Cu
alloys can be reached at low Mg content, while a high
solubility of In requires a high Mg content.

e A combined effect of Sn and In is not achievable, also
because the presence of Sn strongly decreases the
solubility of In.

e Cu addition can be used to increase the precipitation
strengthening potential without significantly affecting
the solubility of trace elements. However, the solution
treatment temperature has to be low enough to avoid
partial melting.

o  Thermodynamic calculations showed good predicative
power for the solubility of trace elements confirmed by
natural aging experiments.
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In general, automated thermodynamic calculations coupled with a
statistical evaluation of the output data are shown to be a quick
method for efficient alloy development.
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