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We demonstrate experimentally that a part-per-million addition of Sn solutes in Al-Mg-Si alloys can
inhibit natural aging and enhance artificial aging. The mechanism controlling the aging is argued to
be vacancy diffusion, with solutes trapping vacancies at low temperature and releasing them at elevated
temperature, which is supported by a thermodynamic model and first-principles computations of
Sn-vacancy binding. This “diffusion on demand” solves the long-standing problem of detrimental natural
aging in Al-Mg-Si alloys, which is of great scientific and industrial importance. Moreover, the mechanism
of controlled buffering and release of excess vacancies is generally applicable to modulate diffusion in

other metallic systems.
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Al-Mg-Si alloys are the most widely used age-hardenable
aluminium alloys, with industrial applications in lightweight
construction, automotive, aircraft, and architecture [1]. The
preferential heat treatment for hardening is artificial aging
via baking at ~430—460 K after quenching from ~800 K.
However, detrimental natural aging appears within minutes
of room temperature (RT) storage after quenching [2,3],
making it unavoidable since there are logistical, techno-
logical, and physical time constraints in commercial pro-
duction. The effect retards artificial aging kinetics by an
order of magnitude and reduces the achievable strength.
Consequently, the material properties, scope of applications,
and energy efficiency in the production of Al-Mg-Si alloys
are impaired.

Discovered 75 years ago [4], just one year after the origin
of age hardening was explained [5,6], many researchers have
addressed this problem since [3,7-12]. Nevertheless, the
mechanisms of natural aging in Al-Mg-Si alloys and their
competition with artificial aging processes remain unsolved.
Excess vacancies formed upon quenching are essential for
fast artificial aging [10,12] by governing the precipitation
of the hardening phase #”” [13]. However, such vacancies also
allow sufficient diffusion at low temperatures to cause natural
aging. Thus, eliminating the negative effect of natural aging
is achievable in principle by preventing excess vacancy-
mediated diffusion at RT and facilitating such diffusion
during elevated temperature artificial aging. Here, we dem-
onstrate that such a diffusion on demand concept can be
executed by adding trace amounts of solutes with sufficient
solubility in the aluminum matrix and optimal binding
energy to vacancies.

A strong binding of vacancies to solutes [14] has
previously been used to explain sluggish natural aging
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kinetics reported for Al-Cu alloys with additions of Sn
[15]. But natural aging in Al-Cu is not deleterious and, more
importantly, there has thus been no consideration of vacancy
release during artificial aging—the key feature for solving
the negative effect of natural aging in Al-Mg-Si alloys. For
Al alloys containing Mg, it was also believed that the Sn
solubility is insufficient for trapping vacancies, because of
Mg,Sn phase formation [16]. However, we are able to
dissolve ~100 at.ppm (atomic parts per million) of Sn in the
well-known Al-Mg-Si alloy AA6061 [17] at a solution
treatment temperature of 843 K (see the Supplemental
Material [ 18]). Thus, as described below, control of diffusion
by the buffering and releasing of vacancies during natural
and artificial aging, respectively, is realizable for Al-Mg-Si
alloys and solves the 75-year-old problem of natural aging in
these alloys [4] with great economic consequences for their
application as lightweight alloys.

Alloys were prepared by melting an industrial AA6061
alloy Mg 0.90, Si 0.59, Cu 0.09, Fe 0.28, Cr 0.07,
Mn 0.05, Zn 0.02, and Ti 0.05, all in at.%) and adding
pure Sn (99.9 at.%). Argon gas purging was applied to
reduce the hydrogen content before the alloys were cast to
slabs (150 x 90 x 35 mm?). To check the chemical compo-
sition, optical emission spectrometry (SPECTROMAXx
from SPECTRO) was applied during the alloying procedure
and to the final plates using an appropriate calibration
sample as standard. After cutting and homogenization
(432 x 10 s at 773 K and 43.2 x 10? s at 843 K), hot
rolling (823 K) from 20 to 4.2 mm thickness was conducted.
Solution heat treatment was performed at 843 K for
1.2 x 10° s. Subsequent quenching was carried out in water
at RT, and for natural aging the samples were kept in a
peltier-cooled incubator at RT. Artificial aging was carried
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FIG. 1 (color online). Evolution of hardness during RT storage
after quenching for the Al-Mg-Si alloy AA6061 with and without
Sn addition. The increase in hardness is retarded with increasing
the amount of Sn added. Sn additions above the solubility limit
(~100 at.ppm) are marked with an asterisk.

out in an oil bath at 443 K. Brinell hardness measure-
ments (HBW 2.5/62.5/15) were performed on polished
samples (17 x 10 x 3.4 mm?) using an EMCO-Test M4
unit. Needle-shaped specimens for atom probe tomography
[19,20] (APT) were prepared via a standard two-step
electropolishing method [21]. APT was performed on a
LEAP™ 4000 X HR atom probe at a specimen temperature
of 23.7 K with a pulse fraction of 20%, a pulse rate of
200 kHz, and a detection rate of 1% under ultrahigh vacuum
(< 107'9 mbar). The software package IVAS 3.6.4™ from
Cameca was used for the reconstruction procedure and
analysis. For the calculations the Perdew-Wang-91 gener-
alized gradient density functional theory (DFT) as imple-
mented in VASP was used [22]. A Monkhorst-Pack k-mesh
equivalent to 9 x 9 x 9 in the fcc-Al cell was used with a
kinetic energy cutoff of 250 eV [23]. Energy barriers were
calculated using the nudged elastic band method [24].
Calculations were performed in 4 x 4 x 4 cubic unit cells at
fixed volume, and energy contributions due to any induced
pressures were verified to be negligible. Relaxation calcu-
lations were converged to 107 eV and nudged elastic band
to 0.1 eV/A.

Figure 1 shows the effect of Sn on the evolution of
hardness during RT storage after quenching from 843 K.
Sn additions delay the observed hardening by orders of
magnitude, from the time scale of 1 h up to several weeks,
depending on the Sn content. For attempted Sn additions
above the solubility limit (~100 at.ppm, also indicated by
Sn additions marked with an asterisk) the retardation of
hardening saturates, consistent with the solubility limit for
Sn in the alloy at 843 K.

Since natural aging in Al-Mg-Si alloys during RT
storage has been explained by the clustering of Mg and
Si [11], we attribute the retardation of hardening to the

referred to the video included in the Supplemental Material [18].)
An analysis of NN distances of Mg, Si, and Sn revealed no
significant difference between the measured and a calculated
randomized distribution of these elements.

impeding of such cluster formation. Figure 2 shows a three-
dimensional (3D) map of the positions of Mg, Si, and Sn
atoms in the alloy with an addition of 200* at.ppm Sn after
2 weeks of RT storage measured by APT (see [18] for APT
reconstruction details). A nearest-neighbor (NN) distribu-
tion analysis [25] shows no statistically significant differ-
ence between the measured distribution and a calculated
random distribution of the solute elements. This indicates
that no clusters of Mg and Si exist within the detection limit
of a few atoms, which agrees well with the hardness data in
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FIG. 3 (color online).  Evolution of hardness during artificial
aging at 443 K with and without Sn addition for various periods
of RT storage. Data generated from laboratory scaled samples
without Sn addition and RT storage < 60 s are shown as a “best-
case” reference, where the maximum kinetics and hardening
potential is achieved. This best-case scenario cannot be realized
in a commercial process, where the material undergoes a signifi-
cantly longer RT storage (see the commercial case in the figure; a
similar curve is obtained for RT storages of 2 weeks). The negative
effect of RT storage can be eliminated by minute additions of Sn,
which enhance kinetics and hardness (red arrows).
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Fig. 1. In addition, although data are noisy due to the very
low Sn concentration, there is no hint of Sn clustering.

Figure 3 shows the evolution of the hardness in AA6061
during artificial aging at the standard temperature of 443 K
after both 1 day and 2 weeks of RT storage, with and without
Sn addition. Also shown are data generated from laboratory
samples without Sn addition and with RT storage shorter
than 60 s; even though not commercially feasible, this would
be the “best-case” reference of maximum kinetics and
hardening potential that can be achieved due to the absence
of natural aging. The results in Fig. 3 show that Sn not only
retards hardening during RT storage over orders of magni-
tude (Fig. 1), but it then also accelerates the kinetics during
artificial aging, relative to the Sn-free “commercial case,” as
shown exemplarily for AA6061 stored at RT. In fact, the
hardening kinetics can even approach that of the best-case
reference AA6061. The effectiveness of Sn can be controlled
by the amount added and the period of RT storage. Lower Sn
additions (~40 at.ppm) delay natural aging for a period
sufficient to overcome most logistical, technological, and
physical constraints in the production of semifinished Al-
Mg-Siproducts (1 day; see Fig. 1) but then allow for artificial
aging that approaches the best case and is 6 times faster than
the current commercial case. Higher Sn additions at the
~100 at.ppm solubility limit prevent natural aging at RT
even for much longer times, (e.g., 2 weeks; see Fig. 1) and
still accelerate artificial aging, but somewhat less pro-
nounced. However, at all these Sn additions, a 10% higher
hardness relative to the commercial case of AA6061 is
ultimately achieved.

It has been proposed that Sn could form small precip-
itates that act as heterogeneous nucleation sites for
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FIG. 4 (color online).  Artificially aged microstructure. Data
obtained by APT for Sn addition of 200" at.ppm and artificial
aging of 12 h at 443 K after 2 weeks of RT storage. A 3D map of Al
and Sn atoms is shown. MgSi precipitates are indicated by
semitransparent isoconcentration surfaces of Mg and Si
(4 at.%). Sn is found within the matrix and the MgSi precipitates
and forms no individual precipitates (see magnified inset).

precipitation [26]. However, APT results for AA6061 with
Sn addition of 200* at.ppm and artificial aging at 443 K
after 2 weeks of RT storage reveal no small Sn precipitates
(Fig. 4). Sn does appear in the MgSi precipitates, which
indicates a finite solubility of Sn in the precipitates,
possibly due to its tendency to bind with Mg [16]. This
also suggests that Sn can diffuse during artificial aging.

Empirically, the results in Figs. 1-4 are consistent with
the mechanistic concept proposed in the introduction:
solutes § trap vacancies V at low temperatures and thus
prevent natural aging, but release the vacancies at elevated
aging temperatures, thereby allowing the desired aging
processes to occur without the detrimental influence of
processes that would normally happen during RT storage.
This mechanistic concept is supported by thermodynamic
and kinetic models using first-principles calculations of Sn-
vacancy binding and vacancy migration around Sn solutes.
The general thermodynamic model considers a low con-
centration cg of solutes dissolved in the metal lattice, with
binding energies AEY, (positive values indicating binding)
for various possible vacancy-solute binding complexes.
Considering the solutes at fixed position in the metal lattice,
we compute the concentrations ¢y of untrapped vacancies
and the concentrations ch of the vacancy-solute complexes
at the effective quench temperature T, where annihilation
of vacancies essentially ceases [27]. As the temperature of
the alloy is quenched below T, further vacancy annihilation
is not possible but re-partitioning of the vacancies among
the untrapped and trapped solute-vacancy complexes is
allowed because such trapping requires very limited vacancy
transport. Any vacancy-mediated diffusional processes at
temperature 7 are then controlled by the residual untrapped
vacancy concentration ¢y (7T), and so vacancy-mediated
diffusion is retarded by a factor R = cy/(Tp)/cy(T).

The thermodynamic model uses simple solution theory,
which includes only the entropy due to mixing, and assumes
low concentrations cy, cg < 1. Rather than present the
detailed model (see the Supplemental Material [18] for a
full presentation), we show here a simplified model that is
numerically accurate for Sn. The simplified model assumes
that one S can bind only one V at a time with a binding
energy AEgy, at one of the 12 NN sites of the S atom in the
fcc lattice, and that the total quenched vacancy concentration
is much smaller than the solute concentration, ¢y (T ) < cs.
At any temperature T < Ty, the total concentration
of V in the material is fixed at c'(7y), ie., cp'(Ty) =
cy(T) + 12¢gcgy(T). Furthermore, the ratio of the trapped
and untrapped V concentrations is governed by the
Boltzmann factor, cgy(T)/cy(T) = e*Esv/KT | where k is
Boltzmann's constant. Combining the above two equations
yields

R— CV(TQ) o 1 + 12CS(6AESV/kT)
oep(T) 14 12cg(ePEsv/kTo)”

6]
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FIG. 5 (color online). (a) DFT results for the Sn-V configura-
tion. The binding energy and the migration barriers relevant
to assess Sn diffusion within the context of the five-frequency
model are shown. (b) Comparison of the rate reduction R factor
calculated from Eq. (2) using two different values for AEgy (as
calculated, and as to fit experiments) and experimental R values
deduced from Figs. 1 and 3, for Sn at concentrations of 40, 70,
and/or 100 at.ppm at RT and artificial aging temperature. The
model captures the major trends shown experimentally: R is
significant at RT and at the Sn solubility limit, but is fairly small at
the artificial aging temperature.

This ratio is unity in the limits of zero V-§ binding, T = T,
or cg = 0, as necessary physically.

For Sn in Al, we have computed the binding energies
AE(L ,, using quantum DFT for an S-V pair, an S-V-V triplet
where the vacancies are NN of each other, and of various
V-S-V triplets where the vacancies are not NN. The value of
AEgy shown in Fig. 5(a) agrees well with previous DFT
calculations [14,28]. For Sn, the calculated binding ener-
gies indicate that the V-S-V complexes are negligible but
the S-V-V complexes are not (see [18] for the values).
Nonetheless, a full analysis shows that the net effect of
the S-V-V complexes on trapping and on R is small, and
that the second term in the denominator of Eq. (1) is
negligible for all reasonable quenching temperatures
(600 K < Ty <800 K). Thus, over a range of temper-
atures, and for sufficient Sn concentrations, the retardation
factor is approximately

R =1+ 12cg(erEsv/AT), 2)

which is conveniently independent of the effective quench-
ing temperature and the quenched vacancy concentra-
tion ¢'(Tp).

Figure 5(b) shows the approximate factor R computed
using Eq. (2) for Sn at concentrations of 40, 70, and/or
100 at.ppm at both RT and 443 K (artificial aging), using
the V-Sn binding energy determined by DFT. R is signifi-
cant at RT and at the Sn solubility limit, but is fairly small at
the artificial aging temperature. Thus, trapping of V by
Sn suppresses RT aging processes significantly but has a
much smaller effect on artificial aging. Figure 5(b) also

between the computed and deduced binding energies
remain to be resolved, the model nonetheless captures
the major trends shown experimentally.

The above model is applicable if the V-S complex cannot
diffuse rapidly. For the Sn-V pair we have computed, using
DFT and the nudged elastic band method [24], all of the
migration barriers relevant for assessing Sn diffusion within
the context of the five-frequency model [30], as shown in
Fig. 5(a). Application of the five-frequency model to Sn,
neglecting differences in the vibrational attempt frequen-
cies among the different migration steps, shows that the
migration of Sn is also controlled by the reduced untrapped
vacancy concentration, and thus by the same factor of R as
for the alloying elements (Mg, Si) in AA6061. Hence, the
addition of ~100 atppm Sn only affects diffusional
processes through the reduction of available vacancies in
the matrix.

In summary, we have shown that a modification of
excess vacancy motion by minute additions of Sn offers the
long-sought solution to the negative effect of RT storage in
Al-Mg-Si alloys, with great importance for the application
of this group of lightweight alloys. The advantage in
kinetics and/or achievable strength (indicated by arrows
in Fig. 3) in the industrial production of Al-Mg-Si alloys
will increase the freedom either to decrease the necessary
heat treatment time by a factor of 6 or to increase the
hardness by 10%. The methodology of buffering excess
vacancies at low temperature such that they are available
for diffusion on demand at a later time during processing at
a higher temperature is in fact not limited to Sn additions to
Al-Mg-Si alloys. The mechanism is expected to be possible
using other solute elements as well, e.g., indium for
Al-Mg-Si alloys, and in other metallic systems (e.g., Mg
and Cu alloys) where key microstructural evolution proc-
esses are controlled by vacancy-mediated diffusion.
Furthermore, the selection of suitable trace element addi-
tions can be guided by a combination of first-principles
modeling and an understanding of achievable trace element
solubility in the alloy, thereby providing new directions for
advanced and accelerated development of new or improved
metal alloys.
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