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Supplementary Material

S1. Parameters used for the simulations

The parameters related to solute diffusion used in the simulations are all taken from Mantina et al.
[1]. They were calculated by first principles using the local density approximation to density
functional theory, see Table. S1. The atomic jump frequencies wy, k = 0..4, are calculated from
Eq. (4) of Ref. [ 1] the correlation factor f, from Eqs. (2, 3) of Ref. [1] for a given temperature and

atom species.

Table S1. Diffusion parameters as taken from Mantina et al. [1].

atomi  AHpo/ASpg AHpo — v§ AHL, vt AH} / AS}
(k=1..4) (k=1..4)
(eV)/ (k) (eV) (THz) (eV) (THz) (eV)/ (kn)
Al 071/121 058 166
Mg 0.68 21.8  —0.07/-0.27
0.42 18.6
0.50 13.3
0.57 17.1
Si 0.52 10.9 0.11/0.44
0.55 15.7
0.66 22.3
0.55 13.7
used in Eqs.  (5.7): Xy_eq  (6): Deg (3):wy, fr B):wyfy B) Xp—eqtrp
(6): Dy, (6): Deg  (6): Deg (6): Dpg

AHfo,ASfpo:  free (index ‘0’) vacancy formation enthalpy and entropy, AGs (=AHf o —T ASg
AH,, o, (ASy, 0):free (index ‘0°) vacancy migration enthalpy*

AH,in,k (AS,in‘k): solute migration enthalpy* of the 5 jumps and species i. k=2 is solute-vacancy exchange.
k=0 represents vacancy migration in the free Al lattice, hence AH,in,0 = AH,,  for all i.

v,t’i effective frequency in transition state theory (TST) (vq: fully in Al matrix)
AH}, AS}E: solute-vacancy binding enthalpy and entropy, AG, = AH} — TAS} for species i

* migration entropies also available from Ref. [2] but not used here to maintain consistency of data.



The average diffusion coefficient 5eq is calculated by:

AHmo G, \  AHpo ASfo

- ; _AHmo o P
Doy = a® (1—Zicl)fo'l78-e kT + Y cify vy e kT ek |e” kT e T .

Vacancy trapping by clusters is guided by the following considerations:

e Vacancy-cluster interaction energy AHE': 0.2 eV at onset of ageing, 0.306 eV after short ageing

(0=0.2), 0.581 eV after advanced ageing (a~0.7) (energy values from Ref. [3], a values

estimated),

e Cluster number density increases linearly from 0 to 6x10?* m™ (i.e. site fraction ¢ from 0 to

10*) during ageing.

Hence the parametrisation: AH,‘,:l =(0.2+0.53 ) [eV] and ¢ =10* ais applied.

Table S2. Further parameters in calculations.

a
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R:

Njog =

fo:

dT /dt:

Ng .
npa

lattice constant of aluminium

grain radius (determined by light microscopy)

jog density derived from dislocation density ng and jog spacing n,,. This value is not very

well known. n; = 10'! m?has been used in a previous calculations [4], ng = 3x10'' m? by
others including the current author’s group [5, 6]. In Ref. [5] it was noted that such a value
explained initial quenching from 540 °C well, but that subsequent operations at lower
temperatures, e.g. at 180 °C, indicated a markedly higher value. Possibly, n,; changes during
thermal processing. The value chosen here is deemed a compromise between various cases.
The quantity n, is also not known precisely. Values of 100 have been given based on
theoretical considerations [7]. As n, can be compensated by n; without changing the
relevant quantity njq,g, there is a lot of space for finding values.

fce correlation factor (=0.7815)

cluster start temperature. Determines that during initial quenching from the solutionising
temperature, precipitation does not set in above T, in accordance with experimental
findings in Ref. [8]. Variations of this value within the margin set by other sources (160 °C
as calculated by Ref. [9], 175 °C and possibly higher for excess Mg [10]) have only a very
small effect on results.

average quenching rate from the solutionising temperature (540 °C) to 0°C. The
temperature course applied is a decaying exponential so that the cooling rate is initially

higher.



S2. Equations of the trapping model

Temporary trapping of vacancies by solute atoms is an important ingredient of the model applied.
We follow the formalism proposed by Lomer and extend the model by optional trapping by clusters

(all of equal size).

Among N lattice sites we distinguish between sites where vacancies are adjacent (‘trapped’) to one
of the solute atoms i, site fraction c?, z = 12 neighbouring sites, or adjacent to one of the clusters
containing N atoms each and having site fractions c¢ and with z¢ neighbouring sites, or at the
remaining matrix sites. The number of vacancies in equilibrium in each of the three cases is given

by the vacancy formation free enthalpy AGs o = AHf o — TASy 5, see Table S1:

AG .
Nv—eq,mat =N exp (_ k;,o) (1 - (Z + 1) Zi ¢ — (ZCI + NCI)CCI) (Sl)
. AG AGh
v—eqtrp = N exp (— —f) zctexp ( pon ) (S2)
AHCI
NS oqerp =N exp( fo) z%cd exp( — ) (S3)

The total number of vacancies anywhere is then the sum of the three:

Ny—eg =N N; N eqirp = N exp (—22) x
v—eq = Ny—eqmat + Zi v—eqtrp T Ny_eqtrp = N €Xp
kT

(1 —Z+D Yt — (2 + Ncl)ccl) + 3, zct exp( ) + zc exp (Akif]) (S4)

L

The term under the brace we call the ‘Lomer factor’, L

By dividing the numbers in Eqgs. (S1, S2) by the number of matrix or trap sites we obtain the

probability of a matrix or trap site of being occupied by a vacancy:

Nv—eq mat ( AGf 0)
= — = eXx —_ . S5
xv—eq,mat N(1—(z+1)Zic‘—(ZC1+N°l)C°1) exp kT ( )

= local site fraction in matrix wrt. actual matrix lattice sites excluding lattice sites around solutes

or clusters, and

. Ni AGf o—AGL
i v—eq,trp f,0 b
Xp—eqtrp =~ = €Xp (— — ) (S6)

= local site fraction around solute of type i wrt. actual trap lattice sites. In analogy x,Sl_eq,trp.



Hence:

; AG}
l — b
Xy—eqtrp = Xv—eqmat €XP (F): (87)

By dividing the numbers in Eqs. (S1-S3) by the total lattice sites N, average site fractions are

obtained, which receive the letter y:

Ny—eqmat i cl cly .cl AGro
Yv—eqmat = N = (1 —(z+ 1)Zic —(z“+N%c )eXp TR (S8)
[
Xy—eq,mat

. Ni_ . AG AGL

i _ Nv—eqtrp __ i __2Yfo a6y
Vh-eqerp = o272 = ¢! exp ( “2) exp (32 (59)

x1iJ—eq,trp

cl _ Motequry _ 7zl ex (— 2610 '0) ex AHE (S10)

Yv—eq,trp N p kT P\%er
xlgl—eq,trp
And therefore
i 1
Nv—eq,mat+ ZiN}J—eq,trp +N1§—eq,trp _ AGf,O

Yv—eq = " = exp (— po ) X L (S11)

ep e . . . . AG .
The total equilibrium vacancy site fraction in a defect-free lattice, exp (— %), is therefore

increased by the Lomer factor. Note that the y quantities do not have to be calculated in the
simulation, thus they are not introduced in the main paper. They are shown here to present the
conservation of total vacancies during vacancy trapping and repartitioning since only these

quantities can be summed up in the style of Eq. (S11). For the total vacancy site fraction we have:
Yv—eq = Xv—eq (S12)
By inserting Eq. (S9) into Eq. (S11) we obtain the inverse Lomer equation Eq. (8) in the main paper
used for determining x,i,_eq,trp to be used in the precipitation equation (3). It is not restricted to
equilibrium, which is why we drop the index ‘eq’:

AGE
b
i exp( kT )

Xvtrp = fxv (S13)

The calculations in Secs. 4.2. and 4.3 are carried out without cluster trapping, i.e. all terms indexed
with “cl” in above equations are neglected. In Eq. (S1) we tacitly assume that the decreasing

number of solute atoms and the associated trapping is implicitly compensated by increasing cluster

trapping.



In Sec. 4.4 we include cluster trapping explicitly. The four cluster-related quantities z°, N, c¢!

and AH{! are treated in reasonable approximations:

e 2% =2z=12, i.e. the cluster is treated as a point like defect

o (294 N9)c%inEq. (S1) is neglected because ¢! « ¢t

o ¢ and AH are assumed to increase continuously with the progress of clustering based on
reported cluster number densities/site fractions and vacancy-cluster binding energies, see

main paper and Sec. S| above.

In order to avoid double counting of trapping sites, we replace all terms c* in above equations by
ci(l — ai). Thus, as cluster trapping increases, solute trapping decreases, both linearly with

progressing clustering.

Francis and Curtin have derived equations for the trapping of vacancies by a single solute type with
the objective of engineering the vacancy site fraction [11]. Their results are based on more general
and exact thermodynamic considerations than those by Lomer but contain Lomer’s equations as a
limiting case. Their Egs. (5a, 5b) describe the concentration of vacancies not associated to a solute
and those in the vicinity of solute atoms at thermal equilibrium and correspond to above Egs.
(S8, S9), respectively. This can be seen by considering only single vacancies, hencen =z + 1 =
13 in their equations. Next, their definition of the solute-vacancy binding energy differs from ours
by the sign. Replacing the absolute energy of solute-vacancy complexes in their Egs. by the binding

energy we obtain

‘concentration of vacancies in the matrix’: Cv = Yy—eqmat
Y ; t i
. v—eq,tr;
‘concentration of solute/vacancy complexes’: ¢ = % X Vy—eq,trp (S14)
v—eq,trp
1+— =

ct

Where only on the Lh.s of these equations the notation of Ref. [11] is used. In the denominator of

Yv—eq,trp

l . .
the latter equation o = Z Xy—eq,trp USINg Eq. (S8, 89). xp_q ¢p never exceeds 4x10™ as

shown in Fig. 4a and hence the denominator is very close to 1.

S3. The pre-factor p,

Eq. (2) contains a dimensionless pre-factor p,;; that we have assumed to be constant throughout
the calculations. Its value has been fixed to 8x1076 since at this value the ageing curves are divided

into an excess and equilibrium part in roughly the same proportions as observed experimentally.



For example, the height of the clustering peak in the DSC curves in Fig. 6a is about 1/3 of that of
the high-temperature peak and in Fig. 4d, approximately the same ratio is observed between first
and second reaction (horizontal line) in accordance with the experiments. p, describes how likely
it is that a diffusing solute atom reaches a target and forms a complex with it, after which the

vacancy detaches again and is available for further diffusion.

Clearly, the site fraction of the target objects is part of p,. For solute atoms, it ranges around ¢ =
5 x 1073 for the alloy considered here. As solutes are replaced by clusters it might drop as
clustering proceeds but we keep to the initial value. Therefore, the pre-factor used splits up into
Pate = 5 X 1073 x 0.0016 = 8 x 107 . The remaining unexplained factor 0.0016 contains the
attachment probability and possibly other factors.

The attachment of solutes to other solutes is a complicated process governed by a range of
interaction energies. A recent first-principle calculation of these energies between 2 atoms (Mg,Si)
and one vacancy specifies 7 configurations and next neighbour and second next neighbour values
that range from 0.01 to 0.14 eV [12]. The actual attachment might go through various steps,
possibly also involving interaction energies between more distant objects that can be repulsive in
some cases [ 13]. The attachment probability would then depend on a combination of such energies
and be temperature dependent. We currently have no formalism to calculate such a scenario, but
the average value of 0.0016 for the remaining factor does not seem unlikely. Our choice of p,q,
although adjusted to experiments, is compatible with some qualitative assumptions of cluster

formation.

S4. Maximum precipitation caused by excess vacancies

We now calculate the maximum precipitated fraction caused by excess vacancies as a function of
ageing temperature. For simplicity, only one solute type and no vacancy trapping by clusters is
considered in the calculation. The objective is to support interpretation of the numerical results in

Fig. 4d by identifying elementary quantities that lead to the behaviour observed there.
First, the total increase of a can be written as
A = Aex + Aygq, (S15)

where subscripts ‘ex’ and ‘eq’ represent the fractions caused by excess vacancies and equilibrium
vacancies, respectively. Similarly, at any moment the local vacancy site fraction at a site around

solutes can be considered a sum of equilibrium and excess vacancy site fractions:



Xvtrp = Xp—extrp + Xy—eq,trp> (S16)

where x;,_.q trp 18 calculated using Eq. (S7). Combining Egs. (S7, S15, S16) and Egs. (3, 7) of the
main paper, we obtain

daey _AHmz  AGp

ar =4A- (1 - 0{) fZ Vz e kT -ekT - (xv,mat - xv—eq,mat)~ (817)
Next, we calculate x4, from the kinetic Eq. (6) of the main paper. Note that x,_q = L -

Xyp-eqmar 1N Eq. (6), where L is the ‘Lomer factor’ based on vacancy trapping by solutes.

Integrating Eq. (6) for x, for isothermal ageing at temperature T, and applying X, ;nqr = %, we
obtain

15 . Deqg
e (R2+2nan1°g)f0'L'xv—eq,mat t
— Xv,0
xv,mat - xv—eq,‘mat (L'xv—eq mat) (Slg)

where x,, o is the initial total vacancy fraction before ageing, which is lower than the equilibrium

fraction at 540 °C as some vacancies are lost during quenching. As t = ©, X, mqt = Xp—egmat-

Now, we combine Egs. (S17, S18) to integrate a,,. Since the initial site fraction is several orders
of magnitude higher than the equilibrium fraction, aeq < @y is valid till X, 4, is very low, after
which the increase in a,, can also be neglected. Therefore we apply an approximation a = a,, in

Eq. (S17) for the calculation of «,,. Thus, we obtain

AHmz AGp
[—A'fz'vé'e " KT -e'kT - f (xvmat_xv eqmat)dt]
Aoy =1—¢€

AfoXv,0 Dy . Xp,0 Xv,0
=2 x Ei|In(-~—2%—)|-y~In|In(-—2>—
_1- e[ (;_3+2”a"jog)a2 Deq *v eq,mat{ l[ n<L‘xv—eq,mat)] 14 n[ n(L'xv—eq,mat)]}]’ (81921)
where Ei is the exponential integral function and y is the Euler-Mascheroni constant, and where

5 AHm’z AGb
— . . * . - . .
DZ (T) =a fZ Ve kT e kT xv—eq,mat-

Eq. (S19a) can be condensed to

_p-L Dy (T) T
aex(T) =1 - e[ Beq ¢ ) (S19b)
AfoXv,o
by defining B = 7g———""~—,
y g (;§+2nan]0g)

b= 5 o2 o)

These quantities are given in Fig. 8a of the main paper. The temperature dependence of Eq. (S19b)
= Eq. (9) of the main paper determines the broken line in Fig. 4b and reflects the hardening

anomaly.



S5. Additional graphs that help to understand details of calculation

In the following, we show some aspects of the simulations not mentioned in the main paper.
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Fig. S1. Data presented in Fig. 4d and data calculated in addition with a correction for solute

consumption due to clustering in Eq. (7, 8) using the ansatz c* = ciinitial(l - Kiai), where k is the

fraction of solute atoms that after final ageing has been transferred into clusters and precipitates.

Atom probe experiments suggest k! values between 0.15 and 0.25 for NA and short AA [14-16],

but as very small clusters might not be detected as such k' could be higher. However, the

calculation suggests that application of a correction does hardly influence the results. We therefore

assume ¢’ = ¢} ;441 in all the calculations to avoid introduction of additional parameters.
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Fig. S2. Derivatives of x,, in the vacancy annihilation model during quenching and subsequent
linear heating. ‘dislocation jogs’ and ‘grain boundaries’ refer to the two contributions in Eq. (6) of
the main paper that remain at a constant fraction during ageing, the first being about 6 times higher.
In the pure ternary alloys with their mm-sized grains as compared to the more fine grained alloy
6014 (50 um grain diameter) in Figure 3 of the main paper, the vacancy annihilation rate would

therefore be marginally smaller, provided that the density of dislocation jogs was the same.
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Fig. S3. Calculated vacancy site fraction at Si sites during constant heating at 10 K-min™'. (a) After

NA at 20°C for various times without vacancy trapping by clusters, (b) same with trapping by

clusters included, see Sec. 4.4. Without trapping by clusters in a), the vacancy site fraction is

reduced to 107'% after 10° s during NA, whereas in the presence of trapping by clusters this reduction

is less pronounced (b). Moreover, in a), during subsequent linear heating the vacancy site fraction

decreases towards the equilibrium value (orange line) at the respective temperature, whereas in b)

the vacancy site fraction increases for a limited period delimited by the broken line. The reason is

that after long NA (e.g. 3x10° s), 99.5% of all he vacancies are trapped by clusters and only 0.5%

are at Si sites (2x10™ are free), hence the slow diffusion. Linear heating releases vacancies from

clusters and brings them into solution (6%) or into vacancy-Si complexes (9%).
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Fig. S4. Analogous to Figs. 4c,d, but with vacancy-cluster interactions enabled as described in

Sec. 4.4. The main effect is to make the curves appear flatter.
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Fig. S5. Effect of a change of binding energy between Mg and vacancies AH,IJVI & from —0.07 eV

(Mantina’s value used in this paper) to 0.01 eV (value suggested by Ref. [12]). Other parameters

are still the ones given by Mantina, see Table S1. Therefore, the modified parameter set is not

entirely consistent any more. The pre-factor p, has been reduced to /2 of the original value thus

ensuing that the clustering peak still has roughly the same height. The total precipitation course

during linear heating (black lines) differs mainly in the high-temperature region. However, we see

a shift of clustering activity from Si to Mg caused by the stronger trapping of vacancies by Mg

atoms and the correspondingly enhanced Mg diffusion and precipitation. Most importantly, the

dual structure of an excess-vacancy related low-temperature peak and a well separated high-

temperature peak is not affected. Therefore, even if the binding energies are allowed to vary the

conclusions of this paper remain valid.
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Fig. S6. Fig. 7c of the main paper recalculated with the addition of 0.12 wt.% Cu using the diffusion
data given by Ref. [1] as for Mg and Si. The influence of Cu diffusion is very small.
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