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Size-dependent diffusion controls natural aging in
aluminium alloys
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A key question in materials science is how fast properties evolve, which relates to the kinetics

of phase transformations. In metals, kinetics is primarily connected to diffusion, which for

substitutional elements is enabled via mobile atomic-lattice vacancies. In fact, non-

equilibrium vacancies are often required for structural changes. Rapid quenching of various

important alloys, such as Al- or Mg-alloys, results for example in natural aging, i.e. slight

movements of solute atoms in the material, which significantly alter the material properties.

In this study we demonstrate a size effect of natural aging in an AlMgSi alloy via atom probe

tomography with near-atomic image resolution. We show that non-equilibrium vacancy

diffusional processes are generally stopped when the sample size reaches the nanometer

scale. This precludes clustering and natural aging in samples below a certain size and has

implications towards the study of non-equilibrium diffusion and microstructural changes via

microscopy techniques.
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The kinetics of phase transformations is a central topic in
materials science. Frequently, nonequilibrium vacan-
cies, which are induced by rapid cooling, irradiation,

sputtering, or plastic deformation1–4, are required to activate
structural changes. Already in 1911 Wilm5 discovered hard-
ening of Al alloys during room temperature storage when
trying to increase the hardness of an Al alloy in a procedure
similar to steel quenching. This effect was given the
name natural aging (NA). The hardness increase during room
temperature storage is attributed to the formation of
nanometer-sized unordered accumulations of solute atoms in
the material, so-called clusters. The kinetics of NA strongly
depends on nonequilibrium vacancies2, and the effect has great
importance for all classes of novel high-strength Al alloys6.
Lately, it has also attracted progressing interest for magnesium
alloys7–9, due to the improvement of characterization methods,
i.e., microscopy and microanalysis techniques with atomic
(transmission electron microscopy, TEM) and near-atomic
(atom probe tomography, APT) resolution10–13. An Al alloy in
which NA has been studied intensively over the past 20 years14

is of type AlMgSi. Here, NA has a detrimental effect on the final
mechanical properties15 and this limits the extended use of
various AlMgSi alloys in lightweight applications16. However,
it should be also noted that NA can be beneficial for gaining
strength in other low-alloyed AlMgSi alloys17, Mg alloys18,
or AlCuMg alloys6. In Fig. 1, we illustrate the complex effect
of NA in an AlMgSi alloy (EN AW 6016) via differential
scanning calorimetry (DSC). Even for short times
after quenching, the AlMgSi alloy shows a pronounced change
in DSC traces. With increased NA time enhanced cluster for-
mation results in increasing endothermic cluster dissolution
upon heating. The formation of the main hardening phase (β00)
is retarded19, indicating the negative effect of NA for
this AlMgSi alloy. Note that clustering itself also increases
hardness upon NA (see Supplementary Note 1 and Supple-
mentary Fig. 1).

Since the emergence of APT many studies involving the
direct observation of clusters in Al alloys have been
documented14,20–25. However, they have generated contra-
dictory results with regard to the sequence of cluster formation,
especially concerning the early stages of clustering6,14,21–24. In
the following we illustrate that the disagreement may be caused
by an incorrect assessment of the NA time. In fact, the NA time
is generally determined by the total time which the samples or
components experience at room temperature after quenching,
ΔtNA. An explicit distinction between the NA of finished APT
samples or bulk material is, however, lacking in many cases.
Here, we demonstrate that the above definition of ΔtNA is
problematic because only the time over which the material is
exposed at bulk dimensions governs the clustering amount.
This is expected to be a universal effect and not limited to the
alloy of this study. We illustrate the problematic definition of
ΔtNA by means of two differently designed experiments. The
first uses “nano aging” where the NA is performed in situ in the
atom probe on finished needle-shaped specimens. In the sec-
ond experiment we perform “bulk aging” where the NA time at
bulk dimensions is varied, but the total NA time (the sum
of “bulk aging” and “nano aging”) is kept constant. Nano aged
specimens do not show an increasing signal for clustering
over NA time, whereas bulk aged samples do. From thermo-
kinetic calculations it is concluded that nonequilibrium
vacancies are annihilated at the surface of the nano-sized
specimen, effectively stopping NA. Since substitutional diffu-
sion is mainly vacancy mediated, the obtained effect can be
considered universal for nonequilibrium substitutional diffu-
sion in metals.

Results
Nano aging. For nano aging the sample preparation and transfer
took place under arctic conditions, and a special atom probe
equipped with a novel cryo-transfer system12,26,27 was used to
suppress any diffusion during preparation and manipulation (see
Methods section for details). Figure 2a provides an overview of the
in situ NA sample nano_aged_01. We use the ratio of the
cumulative sums of the radial distribution function for the inter-
actions of species A and B (AB) for spatial analysis (Eq. (126)),
where values >1 indicate clustering.

f ABðrÞ ¼
Pr

R¼0 RDFABðRÞPr
R¼0 RDFAB;randomðRÞ

: ð1Þ

This formalism has the advantage of being parameter-free28, in
comparison to a cluster-finding algorithm which strongly
depends on the input parameters (see also Supplementary
Note 4), and still comprises the information from the whole
spatial distribution of chosen solutes within a given radius r. A
more detailed description of the analysis method can be found in
the Supplementary Note 2. Spatial analyses of the solute species
Mg and Si, shown in Fig. 2b, reveal no significant increase for the
Mg–Mg, Si–Mg, Mg–Si, or Si–Si interactions due to in situ aging
(see also Supplementary Fig. 2). The solute distribution only
differs slightly from a random comparator and does not increase
over the applied NA time, ΔtNA, up to 3 weeks. A trend that may
be visible is a small decrease in Si–Si interactions with in situ NA
after the “10 min” NA measurement (Fig. 2b), which is contrary
to the expected trend for clustering. This may be attributed to the
method specific field-evaporation artifact of Si rather than to an
increased NA time (see Supplementary Note 3). The observation
that no clustering occures in nano-sized specimens is contrary to
all expectations and literature results on NA, also to those from
DSC in Fig. 1, where microstructural changes were already
obvious after several minutes of ΔtNA. An explanation for this
unexpected result follows.

Vacancy annihilation. Because clustering upon NA is in general
a substitutional diffusion process at room temperature, it only
happens due to the availability of nonequilibrium vacancies from
quenching2. In general, diffusion of a pure element by a random
walk of vacancies can be described by

D ¼ 1
6
a2ncvω; ð2Þ

where D is the self-diffusion coefficient, a denotes the jumping
distance, n is the coordination number, cv is the vacancy con-
centration, and ω is the jump frequency of the vacancy29. cv
directly influences the self-diffusion coefficient. While the
description of solute diffusion in a matrix is more complex and
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Fig. 1 Excess heat flow (DSC heating curves) at varying NA times after
quenching of an AlMgSi alloy. Increasing NA time progressively increases
cluster dissolution and delays the formation of the main hardening
precipitate (β00) upon heating
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can incorporate different jump frequencies for different solutes
and vacancy-solute binding energies, the linear relationship
between the diffusion coefficient and the vacancy concentration
cv is preserved. This directly converts into the nucleation and
growth rates of diffusion-controlled precipitation reactions30.

Figure 3 shows the results of thermo-kinetic calculations (based
on the method described in ref. 31), which we conducted for a
thermal route similar to the applied in situ sample processing in
order to quantify the nonequilibrium vacancy fraction. The
diameter of a sphere, synonymous to the maximum distance to
the next vacancy sink, serves as a model for the APT specimen,
which is shown in Fig. 3a. The sphere surface is modeled as ideal
sink for vacancies. So are grain boundaries, which are therefore
not discriminated from free surfaces31. The vacancy fraction
calculated for pure Al is shown in Fig. 3b. Changes in the sphere
diameter largely influence the evolution of the nonequilibrium
vacancy fraction: the frozen-in nonequilibrium vacancy fraction
upon quenching is more than an order of magnitude lower if the
sphere diameter is decreased by an order, which means that even
the creation of a vacancy supersaturation is difficult at small
scales. The decline to the equilibrium vacancy fraction is also
much earlier, and for a diameter of 100 nm, a size in the range of
the APT specimen radius, it is already reached in less than a
minute. The variation of the dislocation density was also tested
via increasing it by a factor of 103, but the nonequilibrium
vacancy fraction for smaller sphere diameters did not change
(see Supplementary Fig. 11b). The same applies for the use of

vacancy-binding energies of Si and Mg, which has also only a
minor effect on the general conclusion (see Supplementary Fig.
11a). This suggests that the nonequilibrium vacancy-driven
process of clustering must be strongly size dependent and
suppressed at small dimensions.

Bulk aging. To further prove that clustering and NA are indeed
stopped in nano-sized APT samples, we conducted a second APT
experiment where the sum of “bulk aging” and “nano aging” was
kept constant. The time during bulk NA (bulk aging) was varied,
but the total NA time, ΔtNA, of the APT samples was preserved
(illustrated in Fig. 4a, b). An APT sample, Fig. 4a, was prepared
during 9 min after quenching of the bulk (rods of 0.7 mm
thickness) and then nano aged at RT for 3 weeks. A second APT
sample, Fig. 4b, was prepared after 1 week of bulk aging and then
nano aged for 2 weeks. Figure 4c shows the data obtained. If the
definition of ΔtNA was applied, no significant difference between
the two measurements would be discernible because the time at
RT after quenching is 3 weeks for both runs. However, the two
states differ significantly in the signal of clustering, in fact for all
interactions Mg–Mg, Si–Si, Si–Mg, and Mg–Si.

Although the “nano_aged” specimen showed a decrease in Mg
content of approximately 0.1% (Supplementary Table 1), likely
due to Mg evaporation during the solution heat treatment, the
presented bulk experiments clearly demonstrate the strong
influence of the specimen size on the clustering reaction. All
“bulk_aged” specimens had the same size (0.7 mm in square) at
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Fig. 2 In situ natural aging of atom probe samples from a quenched AlMgSi alloy (nano aging). aMg atom positions for the concatenated runs of the sample
nano_aged_01 are shown to illustrate the measurement procedure. The scale bar length corresponds to 512 nm. b Analysis of the spatial positions of solute
atoms for the samples nano_aged_01 and nano_aged_02. Shown is the ratio of the cumulative sums of the radial distribution function fABðrÞ (Eq. (1)) for the
given interactions (Mg–Mg, Mg–Si, Si–Mg, and Si–Si) and nano aging times. Values fAB > 1 indicate clustering (for details see Supplementary Note 2 and
Supplementary Table 1). No significant increase of the signals can be observed for increasing (in situ) natural aging times. Error bar boundaries are
calculated according to Supplementary Eqs. (7) and (8)
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the solution heat treatment and also showed almost no signal of
clustering when only nano aging was applied. The small signals of
9 min bulk aging + 3 weeks nano aging, a) in Fig. 4c, may be
caused by a slight clustering during the nine minutes of RT
preparation at bulk dimension (Mg–Mg). However, large-scale
density variations resulting from a methodical artifact may also
cause such minor effects (see Supplementary Fig. 7, Si and Mg,
and Supplementary Note 3). An additional nano aging of 3 weeks,
i.e. from “9 min + 3 w” to “9 min + 6 w”, only resulted in an
insignificant change in Mg–Mg interactions (Supplementary
Fig. 10), and is still significantly different from “1 w + 2 w”. A
replicate measurement for the same bulk aging time, but different
nano aging time “1 w + 1 d” (Supplementary Fig. 10) shows
results almost identical to “1 w + 2 w”.

Discussion
We have shown that clustering of solutes after quenching in metals
as a diffusional process not only depends on the storage time at
room temperature, as is known for NA since more than a century5,
but also significantly on sample size. The nonequilibrium diffusion
rapidly stops when the sample size approaches the nanometer
range. At small dimensions it is in fact impossible to retain a sig-
nificant fraction of nonequilibrium vacancies upon rapid quench-
ing, because these vacancies as the main carriers of nonequilibrium
substitutional diffusion in metals are annihilated at the free surface
of the nano-sized samples during quenching and storage at room
temperature. This is demonstrated clearly in this study via simu-
lations and experiments. Using nonequilibrium vacancies to accel-
erate solid-state reactions at a lower temperature by a solution heat
treatment plus quenching strategy is thus not feasible for nano-scale
objects (e.g., nanoparticles, rods or wires32, or nanoporous alloys33),
because the solid-state reactions for such nano-scale objects will
always be dominated by their equilibrium vacancy concentrations at
the applied temperature. Apart from small-scaled objects, also
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quenching and subsequent natural aging for pure Al (FSAK model31). A
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nanocrystalline metals34 should exhibit these characteristics because
grain boundaries also act as vacancy sinks31. Nanocrystalline Al
alloys generated by high-pressure torsion are already present in a
clustered state after processing35, but the loss of nonequilibrium
vacancies to grain boundaries requires consideration with respect to
further aging. An industrially relevant process that causes grain size
small enough that nonequilibrium vacancies can be quickly anni-
hilated is friction-stir-welding36,37. Rapid solidification (e.g., during
3D printing of Al alloys38,39) also frequently causes regions of
submicron-sized grains and may suppress NA and nonequilibrium
vacancy-based diffusion. Thus, our findings permit several general
conclusions with respect to metallic alloys.

Nonequilibrium vacancy-based substitutional diffusion-
controlled processes such as solute clustering are size depen-
dent. They are strongly suppressed at small dimensions, regard-
less of how the nonequilibrium vacancies were created, either by
thermal quenching or other means. The size dependency pre-
sented in this study has to be considered when in situ high-
resolution microscopy techniques such as TEM or APT are uti-
lized to study nonequilibrium kinetics in bulk materials. Our
findings also have specific implications on the results documented
in literature concerning the observation of early stage clustering
upon NA, especially in the field of Al alloys. Many results of prior
applied characterization methods using small sample sizes may
have been influenced by ill-defined NA time. This applies parti-
cularly to APT experiments performed over the last 20 years, and
may explain differing results on short NA. For larger time spans
the results are likely to hold, because such samples are usually
processed contemporaneous with the APT measurements.

Methods
Experimental details, data analysis and calculation parameters are briefly described
in the following.

Material. A commercial EN AW 6016 Al alloy with a nominal composition of Mg
0.35%, Si 1.04%, Cu 0.04%, and Al balance (in at.%) was used for all investigations.
The composition was measured using a spark optical emission spectrometer.

Differential scanning calorimetry. The material was cut into specimens and
ground to final masses of approximately 42 mg. The specimens were heat treated at
545 °C and quenched in LN2. For each NA time three specimens were measured
against a high-purity Al reference of the same mass, using Al crucibles and a
heating rate of 10 Kmin−1. The three curves obtained were shifted to zero at the
solution heat treatment regime and the mean computed. The measurements were
carried out on a Netzsch DSC 204 F1.

APT sample preparation. Nano aging (see also Supplementary Table 1): the cut
blanks (1 ´ 1 ´ 20 mm3) were first-step electropolished (25% HNO3 in methanol)
and then a neck was micro-polished (2% HClO4 in 2-butoxyethanol) near the apex
towards a diameter in the order of 5–20 µm. The necked samples were then
solution heat treated at 545 °C for 15 min with N2 purging, quenched in LN2, and
transported in LN2 to the arctic chamber, where the micro-polishing was com-
pleted at −40 °C (3% HClO4 (72%), 16% 2-ethoxyethanol, 22% 1,2 dimethox-
yethan in methanol) before further storage in LN2. For NA, the LN2-cooled
samples were dipped into room-temperature ethanol starting the NA for the
respective time (10 and 30 min for nano_aged_01 and nano_aged_02). The sam-
ples were then placed into the vacuum-cryo-specimen-transfer shuttle and the
shuttle was rapidly pumped down to 10−6 mbar and the samples cooled to −120 °C
using a Bal-Tec BAF060 freeze-etching chamber. The samples were subsequently
vacuum-cryo transferred27,40,41 to a FEI FIB-SEM Helios 600i device pre-cooled to
−152 °C (to check the samples in SEM mode) and then to the analysis chamber of
the APT. Additional NA times for the same sample were realized by stopping the
run, and transferring the sample to the buffer chamber (RT) and storing it there.
The respective time was added to the previous NA time.

Bulk aging (see also Supplementary Table 1): the cut blanks (0:7 ´ 0:7 ´ 20 mm3)
were solution heat treated at 545 °C for 15 min in an air furnace with N2 purging
and quenched in LN2. Bulk_aged_01 (Fig. 4a) was taken out of LN2 and rapidly
first- and second-step electropolished within 9 min at RT. Bulk_aged_02 (Fig. 4a)
and bulk_aged_03 were taken from LN2 and plunged into isopropanol, stored for
1 week at room temperature, and first- and second-step electropolished. The
finished samples were again stored at room temperature for 2 weeks or 1 day,
respectively, until APT measurement.

APT measurements. The samples were run in voltage mode with a pulse fraction
of 20%, a frequency of 200 kHz and a detection rate of 1% at a temperature of 30 K.
The “nano_aged” samples and the sample bulk_aged_01 were run on a LEAP 4000
X HR equipped with self-constructed cryo-transfer capabilities40,41, bulk_aged_02
and bulk_aged_03 were run on a LEAP 3000 X HR.

APT data analysis. For APT solute analysis the 24Mg2þ , 25Mg2þ , 26Mg2þ ; 28Si2þ ,
29Si2þ , 30Si2þ ; and 24Mgþ , 25Mgþ , 26Mgþ peaks were used. The reconstruction was
built by calibrating the field factor kf with the observed interlayer spacing and the
image compression factor with the observed angles of chosen poles42 within the
commercial program IVAS 3.6.12.

Vacancy kinetics calulation. A thermokinetic calculation based on the FSAK
model31, which takes excess vacancies into account, was performed using
MatCalc 6. Pure Al was used as material, and the sphere diameter was varied as a
model for the APT specimen diameter and vacancy sink. A temperature history
of 545 °C cooled at 1000 K s−1 to 25 °C, and further NA at 25 °C was applied.
The other parameters were chosen as2: dislocation density 1011 m−2, jog fraction
0.02, Frank loop nucleation constant 0.0, jog fraction on Frank loops 0.2, Frank
loop interfacial energy 1.0, effective loop-line energy 1=2Gb2, and excess vacancy
efficiency 1.0.

Data availability
The datasets analyzed during the current study are available from the corresponding
authors on reasonable request.

Received: 20 March 2019; Accepted: 30 September 2019;

References
1. Appel, F., Herrmann, D., Fischer, F., Svoboda, J. & Kozeschnik, E. Role of

vacancies in work hardening and fatigue of TiAl alloys. Int. J. Plasticity 42,
83–100 (2013).

2. Pogatscher, S. et al. Process-controlled suppression of natural aging in an Al-
Mg-Si alloy. Scr. Mater. 89, 53–56 (2014).

3. Aliaga, M. J., Schäublin, R., Löffler, J. F. & Caturla, M. J. Surface-induced
vacancy loops and damage dispersion in irradiated Fe thin films. Acta Mater.
101, 22–30 (2015).

4. Li, S. et al. The interaction of dislocations and hydrogen-vacancy complexes
and its importance for deformation-induced proto nano-voids formation in
α-Fe. Int. J. Plasticity 74, 175–191 (2015).

5. Wilm, A. Physikalisch-metallurgische Untersuchungen über
magnesiumhaltige Aluminiumlegierungen. Metallurgie 8, 225–227 (1911).

6. Dumitraschkewitz, P., Gerstl, S. S. A., Stephenson, L. T., Uggowitzer, P. J. &
Pogatscher, S. Clustering in age-hardenable aluminum alloys. Adv. Eng. Mater.
1800255, 2018 (2012).

7. Buha, J. Reduced temperature (22�100� C) ageing of an Mg-Zn alloy. Mater.
Sci. Eng. A 492, 11–19 (2008).

8. Xu, W. et al. A high-specific-strength and corrosion-resistant magnesium
alloy. Nat. Mater. 14, 1229 (2015).

9. Buha, J. Mechanical properties of naturally aged Mg-Zn-Cu-Mn alloy. Mater.
Sci. Eng. A 489, 127–137 (2008).

10. Chen, J. H., Costan, E., vanHuis, M. A., Xu, Q. & Zandbergen, H. W. Atomic
pillar-based nanoprecipitates strengthen AlMgSi alloys. Science 312, 416–419
(2006).

11. Mao, Z., Sudbrack, C. K., Yoon, K. E., Martin, G. & Seidman, D. N. The
mechanism of morphogenesis in a phase-separating concentrated
multicomponent alloy. Nat. Mater. 6, 210 (2007).

12. Chen, Y.-S. et al. Direct observation of individual hydrogen atoms at trapping
sites in a ferritic steel. Science 355, 1196–1199 (2017).

13. Moody, M. P. et al. Atomically resolved tomography to directly inform
simulations for structure-property relationships. Nat. Commun. 5, 5501
(2014).

14. Edwards, G. A., Stiller, K., Dunlop, G. L. & Couper, M. J. The precipitation
sequence in Al-Mg-Si alloys. Acta Mater. 46, 3893–3904 (1998).

15. Brenner, P. & Kostron, H. Über die Vergütung der Aluminium-Magnesium-
Silizium-Legierungen. Z. Metallkd. 31, 89–97 (1939).

16. Pogatscher, S. et al. Diffusion on demand to control precipitation aging:
application to Al-Mg-Si alloys. Phys. Rev. Lett. 112, 225701 (2014).

17. Chang, C. S. T., Wieler, I., Wanderka, N. & Banhart, J. Positive effect of
natural pre-ageing on precipitation hardening in Al-0.44at% Mg-0.38at% Si
alloy. Ultramicroscopy 109, 585–592 (2009).

18. Buha, J. Natural ageing in magnesium alloys and alloying with Ti. J. Mater.
Sci. 43, 1220–1227 (2008).

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-12762-w ARTICLE

NATURE COMMUNICATIONS |         (2019) 10:4746 | https://doi.org/10.1038/s41467-019-12762-w |www.nature.com/naturecommunications 5

www.nature.com/naturecommunications
www.nature.com/naturecommunications


19. Dutta, I. & Allen, S. M. A calometric study of precipitation in commercial
aluminium alloy 6061. J. Mater. Sci. Lett. 10, 323–326 (1991).

20. Murayama, M. & Hono, K. Pre-precipitate clusters and precipitation processes
in Al-Mg-Si alloys. Acta Mater. 47, 1537–1548 (1999).

21. deGeuser, F., Lefebvre, W. & Blavette, D. 3D atom probe study of solute atoms
clustering during natural ageing and pre-ageing of an Al-Mg-Si alloy. Philos.
Mag. Lett. 86, 227–234 (2006).

22. Serizawa, A., Hirosawa, S. & Sato, T. Three-dimensional atom probe
characterization of nanoclusters responsible for multistep aging behavior of an
Al-Mg-Si alloy. Metall. Mater. Trans. A 39, 243–251 (2008).

23. Marceau, R., de Vaucorbeil, A., Sha, G., Ringer, S. P. & Poole, W. J. Analysis of
strengthening in AA6111 during the early stages of aging: atom probe
tomography and yield stress modelling. Acta Mater. 61, 7285–7303 (2013).

24. Aruga, Y., Kozuka, M., Takaki, Y. & Sato, T. Formation and reversion of
clusters during natural aging and subsequent artificial aging in an Al-Mg-Si
alloy. Mater. Sci. Eng. A 631, 86–96 (2015).

25. Zandbergen, M. W., Xu, Q., Cerezo, A. & Smith, G. Study of precipitation in
Al-Mg-Si alloys by atom probe tomography I. Microstructural changes as a
function of ageing temperature. Acta Mater. 101, 136–148 (2015).

26. Dumitraschkewitz, P., Gerstl, S. S. A., Uggowitzer, P. J., Löffler, J. F. &
Pogatscher, S. Atom probe tomography study of as-quenched Al-Mg-Si alloys.
Adv. Eng. Mater. 19, 1600668 (2017).

27. Moody, M. P., Vella, A., Gerstl, S. S. A. & Bagot, P. A. J. Advances in atom
probe tomography instrumentation: Implications for materials research. MRS
Bull. 41, 40–45 (2016).

28. Zhao, H., Gault, B., Ponge, D., Raabe, D. & de Geuser, F. Parameter free
quantitative analysis of atom probe data by correlation functions: Application
to the precipitation in Al-Zn-Mg-Cu. Scr. Mater. 154, 106–110 (2018).

29. Murch, G. E. Diffusion in Crystalline Solids (Academic Press, 2012).
30. Porter, D. A., Easterling, K. E. & Sherif, M. Phase Transformations in Metals

and Alloys (CRC Press, 2009).
31. Fischer, F. D., Svoboda, J., Appel, F. & Kozeschnik, E. Modeling of excess

vacancy annihilation at different types of sinks. Acta Mater. 59, 3463–3472
(2011).

32. Gromov, A. A.& Teipel, U. Metal Nanopowders: Production, Characterization,
and Energetic Applications (John Wiley & Sons, 2014).

33. Gao, H., Niu, J., Zhang, C., Peng, Z. & Zhang, Z. A dealloying synthetic
strategy for nanoporous bismuth-antimony anodes for sodium ion batteries.
ACS Nano 12, 3568–3577 (2018).

34. Sabirov, I., Murashkin, M. Y. & Valiev, R. Nanostructured aluminium alloys
produced by severe plastic deformation: New horizons in development.Mater.
Sci. Eng. A 560, 1–24 (2013).

35. Liddicoat, P. V. et al. Nanostructural hierarchy increases the strength of
aluminium alloys. Nat. Commun. 1, 63 (2010).

36. Hofmann, D. C. & Vecchio, K. S. Submerged friction stir processing (sfsp): an
improved method for creating ultra-fine-grained bulk materials. Mater. Sci.
Eng. A 402, 234–241 (2005).

37. Liu, C. et al. Fabrication of large-bulk ultrafine grained 6061 aluminum alloy
by rolling and low-heat-input friction stir welding. J. Mater. Sci. Technol. 34,
112–118 (2018).

38. Martin, J. H. et al. 3D printing of high-strength aluminium alloys. Nature 549,
365 (2017).

39. Spierings, A. B., Dawson, K., Dumitraschkewitz, P., Pogatscher, S. & Wegener,
K. Microstructure characterization of SLM-processed Al-Mg-Sc-Zr alloy in the
heat treated and HIPed condition. Addit. Manuf. 20, 173–181 (2018).

40. Gerstl, S. S., Tacke, S., Chen, Y., Wagner, J. & Wepf, R. Enabling atom probe
analyses of new materials classes with vacuum-cryo-transfer capabilities.
Microsc. Microanal. 23, 612–613 (2017).

41. Gerstl, S. S. & Wepf, R. Methods in creating, transferring, and measuring
cryogenic samples for APT. Microsc. Microanal. 21, 517–518 (2015).

42. Gault, B. et al. Advances in the calibration of atom probe tomographic
reconstruction. J. Appl. Phys. 105, 034913 (2009).

Acknowledgements
This research was supported by the Austrian FFG Bridge project, number 853208.
AMAG Rolling GmbH is thanked for financial support and discussions. This project also
received funding from the European Research Council (ERC) under the European
Union’s Horizon 2020 research and innovation program (grant No. 757961).

The authors thank Mr. Camenzind, Mr. Rechsteiner and Mr. Eisenhut from EMPA,
and Mr. Jaggi and Mr. Schneebeli from SLF Davos for organization and help in using
their arctic chambers. We also kindly thank Mr. Kollender from JKU for his recom-
mendation of an electrolyte suitable for electro-polishing at low temperatures; Mr.
Bartelme of Montanuniversitaet Leoben for his help with the sample production in the
arctic chamber; Mr. Tunes, Montanuniversitaet Leoben, for his help in designing the
figures; and Ms. Mendez Martin, Montanuniversitaet Leoben, for organizing APT
measurements.

Author contributions
P.D., S.P., and P.J.U. conceived the study. P.D. and P.J.U. produced the samples, and P.D.
and S.S.A.G. performed the measurements. P.D. and S.P. did the calculations, and P.D.
analyzed the data. S.P., P.J.U., and J.F.L. coordinated and supervised the work. All
authors extensively discussed the data. P.D. wrote the paper with the support and cor-
rection of all other authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
019-12762-w.

Correspondence and requests for materials should be addressed to P.D. or S.P.

Peer review information Nature Communications thanks Didier Blavette, Frederic de
Geuser, and the other, anonymous, reviewer for their contribution to the peer review of
this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-12762-w

6 NATURE COMMUNICATIONS |         (2019) 10:4746 | https://doi.org/10.1038/s41467-019-12762-w |www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-019-12762-w
https://doi.org/10.1038/s41467-019-12762-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Size-dependent diffusion controls natural aging in aluminium alloys
	Results
	Nano aging
	Vacancy annihilation
	Bulk aging

	Discussion
	Methods
	Material
	Differential scanning calorimetry
	APT sample preparation
	APT measurements
	APT data analysis
	Vacancy kinetics calulation

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




