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a b s t r a c t 

Non-equilibrium excess vacancies quenched-in after solutionising age-hardenable aluminium alloys at 

high temperature are known to play an important role in precipitation at lower temperatures. However, 

knowledge is still lacking on the extent of the contribution to precipitation at various temperatures. In 

this work, we revisit this classical problem and study the role of excess vacancies in an Al-Mg-Si alloy in 

natural and artificial ageing experimentally by hardness measurements, differential scanning calorimetry, 

and positron annihilation lifetime spectroscopy. We then apply a precipitation model involving a sim- 

ulation of vacancy loss and solute diffusion based on parameters calculated by first principles. The ex- 

periments show that excess vacancies are largely removed in the initial seconds of artificial ageing with 

hardly any corresponding hardening, i.e., subsequent hardening is triggered primarily by equilibrium va- 

cancies unlike natural ageing, where hardening is mainly driven by excess vacancies. We reproduce the 

anomaly that hardening for a given time can be faster at lower temperatures and explain this by the 

different activation ener gies of vacancy annihilation and solute diffusion. The role of excess vacancies 

demonstrated in Al-Mg-Si alloys could be similar in other age-hardenable alloys and hence be a universal 

phenomenon. 

© 2021 Published by Elsevier Ltd on behalf of Acta Materialia Inc. 
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. Introduction 

Precipitation strengthening in aluminium alloys involves dis- 

olving solute atoms in the aluminium lattice at high tempera- 

ures, preserving the resulting solid solution by quenching, and 

geing the alloy, during which solute atoms diffuse through the 

atrix and form clusters (small disordered solute agglomerations 

n the fcc lattice), zones or precipitates (ordered solute complexes 

ith an own lattice structure, but terminologies vary) and increase 

trength (or hardness). Two common terms are in use to describe 

ge hardening: ‘natural ageing’ (NA) and ‘artificial ageing’ (AA): The 

ormer is carried out at ‘room temperature’, the latter at ‘elevated 

emperatures’ [1] . ‘Room temperature’ is usually not defined and 

ould range from ‘quite cold’ in a laboratory in Norway to ‘rather 

ot’ in a production plant in Qatar. In view of the known strong 

emperature sensitivity of ageing processes [2] the term NA ap- 

ears inadequate. ‘Artificial ageing’ is carried out between 150 °C 

nd 190 °C for most commercial aluminium alloys. But what is the 

hysical difference between natural and artificial ageing, where is 

he transition between the two and what is special about ‘room 

emperature’? 
∗ Corresponding author. 

E-mail address: banhart@helmholtz-berlin.de (J. Banhart). 
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AA leads to a different range of precipitate types than NA and 

sually higher hardness or strength levels are reached. For Al-Mg- 

i alloys, it has been claimed that there is a transition tempera- 

ure above which the kind of the precipitates formed during age- 

ng differs from that below and the transition temperature is seen 

t around 67 °C [3] . Differences noted include that NA clusters 

ormed at low temperatures can differ in composition from AA 

lusters [4-6] (however with sometimes controversial results from 

uch atom probe studies), contain more vacancies [7-9] or differ 

n structure and size. NA clusters might not [10] or only partially 

6] be able to grow during subsequent AA. However, such distinc- 

ions rather describe the result of different processes than their 

rigin. 

It has been known for a long time that ageing at ‘room tem- 

erature’ is many orders of magnitude faster than estimated from 

xtrapolated equilibrium diffusion coefficients of solute atoms. An 

nswer for this finding was given by authors in the 1950s: excess 

acancies frozen-in during quenching accelerate the precipitation 

ate during NA sufficiently to explain the observed hardening rates 

 11 , 12 ]. The distinct stages during NA often involve a fast and a

low reaction that can be explained by excess vacancies that in- 

reasingly anneal out or are trapped by clusters [13] . Surprisingly, 

A can be faster than AA although it takes place at much lower 

emperature: Hardness [14] , thermoelectric power [15] or electrical 

https://doi.org/10.1016/j.actamat.2021.117014
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
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esistivity [ 16 , 17 ] can change at a higher rate at a lower tempera-

ure in certain stages of ageing. At first sight, this appears counter- 

ntuitive and requires an explanation. 

Positron lifetime experiments indeed show the presence of ex- 

ess vacancies directly after quenching in Al-Mg-Si alloys [2] . How- 

ver, the exact role of excess vacancies in ageing processes at var- 

ous temperatures has not yet been clearly discussed or modelled. 

he transition between natural and artificial ageing regimes is not 

lear. For how long and up to which ageing temperature do excess 

acancies play a dominant role? 

In this report, we experimentally investigate the role of vacan- 

ies in ageing processes at various temperatures and support the 

onclusions by simulations. The main point to show is that nat- 

ral ageing can be primarily defined as a process that is deter- 

ined by temporarily available excess vacancies in the alloy during 

uenching and ageing, whereas artificial ageing is governed mostly 

y permanently available equilibrium vacancies. Some of the facts 

iscussed have been noted before, but not in a general frame and 

n a quantitative way. 

. Experimental 

.1. Material and heat treatment 

An alloy 6014 was used in this study since it is well charac- 

erised and due to its small grain size hardness measurements 

catter little. The alloy was supplied by Novelis R&D Centre Sierre 

nd is the same used in two previous studies [ 18 , 19 ]. It contains

.65% Mg, 0.60% Si, 0.18% Fe, 0.08% Mn, 0.12% Cu, all in wt.%, as 

he main alloying elements of aluminium. Solutionising was done 

t 540 °C for 1 h in an air circulation furnace, after which the sam-

les were dropped into ice water or slowly cooled in air to 200 °C 

t 5 K �s −1 (average from 533 °C to 250 °C) and then quenched

n ice water (‘AC_200’) [19] . Ageing was carried out in various de- 

ices: A Peltier-cooled incubator was used for ageing from 5 °C to 

0 °C ( ±0.1 K), a liquid metal bath for short ageing at 160 °C or

80 °C ( ±1 K) to ensure the high heating rate needed for treat- 

ents that last only seconds (for example, it takes 0.9 s to reach 

70 °C if the bath is at 180 °C [20] ). Longer ageing treatments from

5 °C to 180 °C were done in an oil bath ( ±0.2 K). 

.2. Methods 

Brinell hardness was measured using a Qness60M tester and a 

oad of 10 kg-force applied with a tungsten carbide indenter of 1 

m diameter. Eight indentations were performed on each sample 

nd averaged. The corresponding standard deviation was < 1 HBW 

or > 98% of the measurements. 

Differential scanning calorimetry (DSC) measurements were 

arried out in a Netzsch DSC 204F1 Phoenix unit from 10 °C to 

00 °C at a heating rate of 10 K �min 

−1 . Disks of 4.8 mm diameter

ere punched out of both the actual alloy and the pure aluminium 

sed as a reference. The double ramp method described earlier was 

pplied for the baseline correction since it ensures a small baseline 

rift [18] . 

Positron lifetime measurements are based on the following 

rinciple: Positrons emerge from a radioactive 22 Na source – ac- 

ivity 0.5 MBq – encapsulated in a Kapton foil and sandwiched be- 

ween two identical alloy samples, dimensions (10 × 10 × 1) mm 

3 . 

hese positrons annihilate in the alloy and generate characteristic 

11 keV radiation which is detected. A timing system determines 

he lifetime of a specific positron by correlating this event with 

he start signal emitted when the positron is generated in the de- 

ay process. Typically 10 5 events are summed up to a spectrum, 

hich is background and source corrected and a positron lifetime 
2 
etermined. Such a low number of counts was found to be suf- 

cient to determine the time-dependent one-component positron 

ifetime τ1C during NA [2] . Positron lifetime measurements were 

arried out directly after quenching or after short artificial age- 

ng, and further ~3 min of sample handling at 20 ± 2 °C. As during 

easurement at 20 ± 2 °C, the positron lifetime evolves, it is mea- 

ured continuously for at least 1 h and back-extrapolated to the 

ime of quench as demonstrated in the supplement of Ref. [20] . 

ore details of the measurement and equipment have been pub- 

ished elsewhere [21] . 

. Experiments and preliminary discussion 

.1. Hardness 

Fig. 1 a shows how the hardness of alloy 6014 evolves during 

sothermal treatment at different temperatures. A common feature 

s the increase in hardness as ageing proceeds. Overageing is seen 

bove 160 °C and might eventually also occur for lower tempera- 

ures and longer times. Notably, there is a range, where ageing at 

ower temperature leads to higher hardness than ageing at higher 

emperature for the same time, namely for a few hours. 

This crossover is more evident if one displays hardness as a 

unction of temperature for various selected ageing times, see 

ig. 1 b. For any ageing time, a first maximum of hardness is ob- 

erved between 20 °C and 65 °C, after which hardness decreases 

efore increasing again to another maximum value at 140 °C or 

igher. At the highest temperatures, softening has set in. Stages I 

nd III show ‘normal’ behaviour: If for a given ageing time the tem- 

erature is higher, a higher degree of precipitation is expected due 

o thermal activation of the diffusion processes that cause precip- 

tation. Stage IV occurs because ageing at very high temperatures 

eads to coarser precipitates, which are less effective in hardening, 

lso known as over-ageing. The anomaly is stage II: Here, an in- 

rease of temperature leads to a lower hardness in a given time. 

or example, ageing for 4 h at 35 °C leads to a higher strength 

han 4 h at 65 °C (magenta coloured line in Fig. 1 b). This hardening

nomaly in Fig. 1 b is a fundamental effect also observed in other 

lloys as can be seen by re-drawing data for Al-Cu-Mg [22] and 

l-Zn-Mg [23] alloys in that way. For another Al-Mg-Si alloy, Ref. 

14] provides similar data and analysis, however, without giving 

icroscopic explanations for the various stages. 

The idea developed in this paper is that stage II (and the 

ouble-peak structure in Fig. 1 b) can be explained by the con- 

ribution of excess vacancies to precipitation at various tempera- 

ures without referring to more complex concepts such as nucle- 

tion theories or models of strengthening by clusters and precipi- 

ates. More specifically, excess vacancies play a predominant role 

t low temperatures and overcompensate the lower thermal ac- 

ivation of solute migration. This effect weakens as temperature 

ncreases and eventually fades for AA at high temperatures. In a 

rst step, we collect evidence that AA is indeed governed predom- 

nantly by equilibrium vacancies. 

.2. DSC 

DSC measures thermal effects caused by precipitation during 

inear heating. A well-studied example is an alloy in the as- 

uenched state. Data for the current alloy is shown in Fig. 2 a 

black curve). The various peaks in the trace can be ascribed to 

he formation of clusters (at ~80 °C), β” phase (at ~250 °C), and 

’ phase (at ~300 °C) [ 24 , 25 ]. Pre-treatment before DSC varies

he conditions for precipitation and leads to changes of the trace. 

ig. 2 demonstrates that the DSC trace is changed differently by 

re-ageing at AA temperatures (a, b) or at 20 °C (c). We focus 
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Fig. 1. Isothermal hardening curves after solutionising and quenching of alloy 6014. a) Given as a function of time for 11 different ageing temperatures, b) Displayed as a 

function of temperature for 9 different ageing times (some data obtained by interpolation/extrapolation of a). The dotted lines denote the known freezing out of ageing for 

1 week at −50 °C [52] , which was not measured here. 4 different stages are separated by dashed lines and numbered I to IV. 

Fig. 2. (a–c) DSC traces measured on alloy 6014 at 10 K �min −1 directly after quenching (‘AQ’) and after various pre-ageing treatments at: a) 180 °C for 1 s up to 2 min, b) 

160 °C for 1 s up to 2 min with only the first peak shown, and c) 20 °C for up to 32 weeks. Inset in (c) also shows the first peak magnified. Hardness values for some ageing 

conditions are given in the legends of a) and c). (d, e) Analyses of the first peak in the DSC traces in (a–c): d) Height of the peaks in (a, b) shown as a function of ageing 

time (including some repeated measurements). e) Height of the peak shown as a function of peak temperature for (a–c). 
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ere on the first peak since it is closely related to the state af- 

er pre-ageing. Fig. 2 a shows that the cluster peak is largely re- 

uced even by the shortest treatment (1 s, including 0.9 s heating 

ime) applied at 180 °C. With 5 s to 10 s of AA applied, the peak

s largely eliminated and it is completely suppressed after 2 min of 

re-ageing. A similar behaviour is observed when AA is at 160 °C 

 Fig. 2 b), only that the peak reduction is slower than at 180 °C as

ummarised in Fig. 2 d. Hardening of the alloy during such short 

geing is very little, with only < 3 HBW observed for ageing at 

80 °C for 2 min (see legend of Fig. 2 a). This is very different from

hat we see when NA before DSC is applied ( Fig. 2 c). There, longer
3 
geing also reduces the amplitude of the cluster peak, but pro- 

ounced hardening occurs long before the peak is notably reduced. 

nother noteworthy feature is the position of the peak: it is only 

lightly influenced by ageing at 180 °C before DSC measurement 

 + 10 K) but is shifted much more ( + 65 K) by prior ageing at 20 °C
 Fig. 2 e). 

The reason for the occurrence of a cluster peak in Fig. 2 a points

t fast precipitation up to 125 °C in a short time (~10 min at the

eating rate chosen). The pre-requisites for this are a high solute 

upersaturation and a high excess vacancy fraction. Short ageing 

t 160 °C or 180 °C removes the clustering peak without causing 
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Fig. 3. One-component positron lifetimes τ1C after various heat treatments: Open symbols in area ‘no AA’: samples quenched into ice water, except for the orange symbol 

where samples were slowly air cooled to 200 °C at an average rate of 5 K �s −1 and then quenched in ice water (‘AC_200’). Solid symbols: Artificially aged samples. Alloys are 

ternary model alloys Al-0.4%Mg-0.4%Si and Al-0.6%Mg-0.8%Si [20] and current alloy 6014. Vacancy site fractions in grey are from Ref. [20] . Various typical positron lifetimes 

are marked by boxes. The arrows on the left visualise the changes of positron lifetime τ1C when vacancies are lost and clustering occurs in parallel or after. 
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easurable hardening (even up to 2 min, see legend of Fig. 2 a), 

.e. it is the rapid loss of excess vacancies and not of solutes during 

hort AA that reduces clustering so much that it no longer can be 

etected by DSC. 

In contrast, during slow removal of excess vacancies during NA, 

lusters are formed and cause significant hardening (see legend of 

ig. 2 c). We suggest that the clusters formed during NA act back 

n vacancies by trapping them. Thus, the cluster peak in the low- 

emperature regime of the ensuing DSC run is markedly reduced. 

s binding weakens at increasing temperatures, vacancies are re- 

eased back into the matrix and assist further clustering. As a re- 

ult, the annihilation of excess vacancies during DSC scanning is 

uffered by NA clusters, which causes the shift of the cluster peak 

o higher temperatures. In Section 4 , we further validate these ar- 

uments by simulations. 

.3. Positron lifetime 

To further support the statement that vacancies are removed 

uickly during artificial ageing we carry out positron lifetime mea- 

urements. In the Al-Mg-Si alloys treated here, annihilation of 

ositrons in three different ways is considered [21] , each one being 

epresented by a typical lifetime value: (i) annihilation in the alu- 

inium matrix outside defects gives rise to a lifetime component 

1 ≤ 160 ps , (ii) annihilation in clusters and coherent precipitates 

e.g. β”) contributes to a positron lifetime component τ2 
∼= 

215 ps 

nd, (iii) positrons trapped in vacancies (free or attached to so- 

utes or small clusters) contribute τ3 
∼= 

245 ps . Ignoring variations 

f each of these contributions caused by chemical and structural 

ariations of the positron trap is a first approximation [20] . Equat- 

ng the weighted average of these contributions, τ̄ , to the mea- 

ured τ1C is a second, which we have shown to be valid except for 

ew special cases (see supplement of Ref. [20] ). The τ1C we mea- 

ure is therefore an average of three annihilation pathways. 

In the ‘AQ’ state after ice water quenching, a high positron life- 

ime ≥230 ps is obtained in alloy 6014, see Fig. 3 . It is caused

y the annihilation of a large fraction of positrons in vacancies 

r vacancy-solute complexes. When ageing at 180 °C for just a 

ew seconds, a pronounced decrease of positron lifetime by ~40 

s down to ~190 ps is measured, indicating that the vacancy frac- 

ion has dropped markedly, so that many positrons now annihilate 

n the Al bulk where the lifetime is just 160 ps. In a lean alloy
4 
l-0.4%Mg-0.4%Si, τ1C drops even more to just 163 ps within sec- 

nds of ageing, which is even closer to defect-free aluminium [20] , 

ee blue arrow on the very left of Fig. 3 . The corresponding va-

ancy site fractions given in Fig. 3 were derived using the trapping 

odel for positrons [20] . The decrease of positron lifetime caused 

y short ageing terminates at a higher value in the more concen- 

rated alloy 6014 than in the lean alloy Al-0.4%Mg-0.4%Si (with 

ariations among other alloys such as Al-0.6%Mg-0.8%Si and dif- 

erent ageing temperatures, see double sided arrow in Fig. 3 ). This 

s because solute clusters and precipitates are formed during and 

fter quenching [21] , which strongly trap positrons in competition 

o bulk and vacancy-related defects and mix into the measured τ1C 

ith a typical lifetime of ~215 ps. We normally cannot distinguish 

etween the various contributions and just notice a limited de- 

rease, after which continuing clustering eventually brings τ1C up 

owards ~215 ps (dark green arrow). 

This interpretation is supported by the measurement of the 

AC_200’ samples that due to their quenching history contain 

ery few excess vacancies after quenching [19] and in which the 

ositron lifetime is very low at ~165 ps. Subsequent short ageing 

t 180 °C for up to 1 min increases positron lifetime by ~20 ps, 

uggesting that it is sensitive even to the small amount of clusters 

ormed (green arrow in Fig. 3 ). For this reason, we cannot spec- 

fy the extent of vacancy loss during short ageing quantitatively in 

uch alloys, but obtain a confirmation of the fast loss kinetics. 

We have shown that AA takes place after most excess vacancies 

ave been removed. Next, we would like to prove that NA is en- 

bled by excess vacancies. Positron lifetime measurements do not 

llow us to follow the vacancy site fraction in alloy samples during 

A quantitatively due to positron trapping dominated by clusters. 

herefore, we will model the precipitation behaviour in our alloy 

ased on a model for vacancy annihilation and precipitate growth 

nd show that it exactly predicts this role of excess vacancies. 

. Simulations 

We strengthen our arguments by simulating the cluster- 

ng/precipitation process. Our aim is not to exactly represent the 

inetics of the ageing processes, which is difficult due to its com- 

lex nature, but to semi-quantitatively explain the experimental 

bservations in the context of precipitation under non-equilibrium 

acancy kinetics using simple, yet physics-based models. We first 
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escribe the model ( Section 4.1 ), which accounts for precipita- 

ion in terms of solute diffusion, excess vacancy annihilation, va- 

ancy trapping and repartitioning. Then, we show that this model 

ased on parameters taken from first-principles calculations rep- 

esents the experimental characteristics during isothermal ageing 

 Section 4.2 ) and linear heating after various pre-ageing treatments 

 Section 4.3 ) very well. Finally, we demonstrate that the effect 

f natural pre-ageing on the DSC cluster peak can be described 

y including vacancy trapping by solute clusters into the model 

 Section 4.4 ). 

.1. Model 

In order to relate the course of vacancy site fraction under a 

iven applied temperature profile to the state of precipitation we 

pply a simple model based on the following assumptions: 

1. The precipitated state is represented by a single variable α ∈ 

[0 , 1] , the fraction of clusters/precipitates formed without spec- 

ifying details of size, distribution, composition, etc. (N.B. as cus- 

tomary we call a precipitate in an early stage at which it still 

has the structure of the parent lattice a ‘cluster’). 

2. All the vacancies are considered to be mono-vacancies. Forma- 

tion of structures containing more vacancies is neglected. 

3. Solute atoms transfer from the solid solution to other solutes 

or clusters as they diffuse through the lattice and attach to 

them while the remaining solutes are still distributed homo- 

geneously. 

4. Once clusters/precipitates have formed, they do not dissolve. 

Thus, α always increases. 

.1.1. Precipitation 

From the initially N 

i 
tot solute atoms of type i ∈ {Mg, Si, …}, 

e subtract the already clustered solutes N 

i 
cl 

and write for the 

rogress of clustering in a time interval dt

 N 

i 
cl = 

(
N 

i 
tot − N 

i 
cl 

)
· N 

i 
vis ( d t ) · p att , (1) 

here dN 

i 
cl 

scales with the number of sites N 

i 
vis 

( dt ) a solute on

ts random walk visits in time dt and the probability p att for a 

olute atom to encounter target sites (around solutes, clusters) and 

e actually absorbed there. 

In the five frequency model of diffusion [26] the frequency of 

olute-vacancy exchanges for component i is w 

i 
2 

= v ∗,i 
2 

· e −
�H i 

m, 2 
kT , 

ith v ∗,i 
2 

and �H 

i 
m, 2 

the effective vibrational frequency and mi- 

ration enthalpy change for the exchange (index 2). The number 

f sites visited by a solute equals the number of successful jumps 

ultiplied by the probability of jumping to a new site: 

 

i 
vis ( dt ) = f i 2 · v ∗,i 

2 
· e −

�H i 
m, 2 

kT · z · x i v , trp ( T , t ) · dt , (2) 

ith x i v , trp (T , t) the probability of finding a vacancy temporarily 

rapped at one of the nearest neighbour sites of solute i , which is a

ondition for solute jumping, z = 12 the fcc coordination number, 

f i 
2 

the correlation factor (which depends on the other four jump 

requencies) expressing that a solute might jump back to its pre- 

ious position. By combining Eqs. (1 , 2 ) and defining αi = 

N i 
cl 

N i tot 

, we

btain 

dαi 

dt 
= p att · z ·

(
1 − αi 

)
· f i 2 · v ∗,i 

2 
· e −

�H i 
m, 2 

kT ︸ ︷︷ ︸ 
M 

i 

x i v , trp ( T , t ) ︸ ︷︷ ︸ 
V i 

, (3) 

M 

i , V i are used in the further discussion. In equilibrium, the im- 

urity diffusion coefficient is given by D 

i 
2 

= a 2 M 

i V i , with a the lat- 

ice constant [27] . The various kinds of solutes i , concentrations c i , 
5 
recipitate simultaneously and define a total α: 

dα

dt 
= 

1 ∑ 

i 

c i 

∑ 

i 

c i 
dαi 

dt 
. (4) 

p att takes account of the probability of the diffusing solute to be 

t a site that neighbours a target and attaching to it. Both solute 

toms and clusters can be such targets. Initially, the site fraction of 

ttachment sites is the highest but the attachment rate might be 

ow due to weak binding. As solutes are consumed and clusters in- 

rease in size, the attachment sites decrease in numbers, while the 

uccess rate might increase due to stronger binding. p att is hard 

o model without introducing many parameters, which would ob- 

cure the message we intend to convey. Therefore, we assume that 

or a given alloy, p att is constant throughout clustering in the tem- 

erature interval of interest to allow us to focus on the behaviour 

f excess vacancies, see also supplement S3. The value used in this 

ork is chosen such that the first peaks of the hardening curves in 

 Fig. 1 b) and DSC experiments ( Fig. 2 a) are reproduced and reach

oughly 1/3 of the height of the second peak. 

.1.2. Excess vacancy annihilation 

In pure Al, the equilibrium vacancy site fraction at temperature 

 is: 

 v −eq = e −
�G f, 0 

kT , (5) 

here �G f, 0 is the vacancy formation Gibbs free energy. When va- 

ancies are in excess, x v ( T , t ) depends on time and vacancy anni- 

ilation has to be treated. We assume that vacancies primarily an- 

ihilate at grain boundaries of spherical grains, radius R , and dislo- 

ation jogs, number density n jog , free of hydrostatic stress. The rate 

f annihilation, i.e. change of x v ( T , t ) , is given by [28] : 

dx v 

dt 
= −

(
15 

R 

2 
+ 2 πa n jog 

) ˜ D eq 

f 0 

x v 

x v −eq 
ln 

(
x v 

x v −eq 

)
, (6) 

ith a the lattice constant and 

˜ D eq (T ) the concentration-weighted 

iffusion coefficient of solvent, D 0 (T ) , and solute atoms, D 

i 
2 
(T ) . f 0 

s the fcc correlation factor ( = 0.7815). 

.1.3. Vacancy trapping and repartitioning 

x v −eq in Eq. (5) represents the site fraction of vacancies in a 

ure lattice. In the presence of solute atoms, the probability of 

nding a vacancy ‘trapped’ in the shell around a solute atom i 

s modified due to its binding energy �G 

i 
b 

(‘ + ’ denotes attractive 

inding) with the solute and we obtain two different vacancy frac- 

ions around the solute (index ‘ trp ’) and in the matrix (index ‘ mat ’)

29] : 

 v −eq ( T ) = 

( 

1 − ( 1 + z ) 
∑ 

i 

c i 

) 

e −
�G f, 0 

kT ︸ ︷︷ ︸ 
x v −eq , mat 

+ z 
∑ 

i 

c i e −
�G f, 0 

kT · e 
�G i 

b 
kT ︸ ︷︷ ︸ 

x i v −eq , trp 

, (7) 

This ‘Lomer equation’ is a special case of more general equa- 

ions that also include strong trapping and multi-vacancy com- 

lexes [30] . They can be inverted to express x i v , trp (T , t) by the total

acancy site fraction x v ( T , t ) also in non-equilibrium (see supple- 

ent S2): 

 

i 
v , trp ( T , t ) = 

e 
�G i 

b 
kT 

1 − ( 1 + z ) 
∑ 

i 

c i + z 
∑ 

i 

c i e 
�G i 

b 
kT 

x v ( T , t ) , (8) 

The solute fractions c i in Eqs. (7 , 8 ) will change as precipitation 

rogresses and solutes are confined in precipitates. We will discuss 

ater that accounting for this quantitatively is not necessary. 
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The quantities in Eq. (7) have to be used in Eq. (6) to account

or vacancy trapping by solutes (but not trapping by clusters). We 

ill include trapping by clusters in Section 4.4 and present the 

odifications to Eq. (8) along with a detailed derivation in supple- 

ent S2. Vacancy trapping and repartitioning by solutes or clus- 

ers has been tacitly assumed to be instantaneous as the diffusion 

f vacancies to the traps (sites adjacent to solutes) requires just 

hort-range displacements in contrast to diffusion to more distant 

inks [30] . 

.1.4. Calculations 

Numerical integration starts from initially α = 0 and x v (T , t) = 

 v −eq (540 ◦C) using Eq. (7) . For each time increment dt , x v ( T , t )

s updated using Eq. (6) , after which Eq. (8) is used to obtain

 

i 
v , trp (T , t) , which is put into Eqs. (3 , 4 ) to determine dα. Our simu-

ation of vacancy loss and solute migration is based on a published 

et of parameters calculated by first principles for Mg and Si so- 

utes in Al using density functional theory and the local density 

pproximation [31] . The advantage over referring to experimental 

alues for the various energies and entropies involved is that such 

alculated data are consistent. The parameters used are listed in 

upplement S1. Diffusion of the small amount of Cu present in the 

eal alloy is neglected since its influence is very small, see supple- 

entary Fig. S6. 

In comparing α(t) to experimental data we have to make some 

urther assumptions. The first is, that the heat flow during ageing 

s proportional to the derivative of α(t) . This implies that the en- 

halpy of cluster formation is proportional to its volume only and 

ot to other parameters such as surface area, cluster composition 

r strain energy. Furthermore, we assume that α(t) is proportional 

o the hardness increase during ageing. This is a reasonable ap- 

roximation for cluster hardening as experiments for alloy 6014 

32] and calculations [33] have shown, but not for precipitate hard- 

ning. The latter involves various different phases and complex dif- 

usional transformations that possibly require more than one act- 

ng vacancy at a time [34] . Moreover, due to a different strengthen- 

ng mechanism the relationship between strength and precipitated 

olume is no longer linear [ 35 , 36 ]. We can therefore not expect to

odel the details of hardening correctly for higher temperatures, 

hich is not our objective anyway. The fact that real DSC traces 

xhibit 2 or more peaks at high temperatures (see Fig. 2 b), our 

alculation just one (see below) shows this limitation. 

In thermal equilibrium our precipitation model in Eq. (3) takes 

he form of a Johnson-Mehl-Avrami-Kolmogorov (JMAK model) 

ith an Avrami index equal to 1, which is just a special case of 

 more general class of rate equations [37] . 

.2. Simulation of isothermal ageing 

We apply isothermal treatments between −60 °C and 200 °C 

fter solutionising at 540 °C and quenching at 10 0 0 K �s −1 . Fig. 4 a

resents vacancy site fractions at Mg and Si sites from Eq. (8) as 

hey evolve at 20 °C. As only Si has an attractive vacancy-solute in- 

eraction ( > 0) within the parameter set used (the interaction en- 

rgy V −Mg is < 0 here in variance to most of the literature [38-

2] but in accordance to Ref. [43] ), the site fraction around Si 

toms is much higher, which contributes to faster diffusion of Si. 

nitially, vacancies are continuously lost, but as lower temperatures 

re reached during quenching, the trapping effect at Si sites in- 

reases in strength and vacancies from the matrix repartition and 

et x Si 
v , trp increase again. Equilibrium site fractions are reached after 

bout 5 × 10 5 s (6 days). 

Fig. 4 b shows how the precipitated fraction α and its derivative 

volve at 20 °C and 60 °C. At the higher temperature, clustering 

s faster, but the α eventually reached is lower. This can be un- 

erstood by looking at the derivative of α, which is essentially the 
6 
roduct of the vacancy (V) and the migration (M) terms in Eq. (3) .

t 60 °C, d α/d t has dropped to 1% of its initial value after 1600 s

red arrow) and α has almost reached a saturation value (red bro- 

en line), whereas for 20 °C it takes just about 6 times longer to 

each the same level of α (blue broken line) although the migra- 

ion term M in Eq. (3) is 13 times lower for 20 °C than for 60 °C.

he reason is that the vacancy site fraction remains at a reasonably 

igh level for a much longer time due to slower annihilation (see 

nset). The increase of α at 20 °C continues after and although the 

acancy site fraction drops the long available time allows for a fur- 

her increase until after 40 0 0 0 s α levels off at a level not reached

t 60 °C. 

Ageing eventually goes through a second step for longer times 

han shown in Fig. 4 b. Fig. 4 c demonstrates this for isothermal 

geing at various temperatures. For even longer times than shown 

here, α increases to 1 for any temperature purely driven by equi- 

ibrium vacancies. At 20 °C it takes 10 11 s to complete ageing 

curve truncated at 10 6 /10 8 s in Figs. 4 b/c), which of course is not

bservable in experiments where we always measure just the first 

tage. In Fig. 4 c, the times at which excess vacancies are exhausted 

re marked by symbols on each curve. We see that for any age- 

ng temperature ≤100 °C, the first ageing step driven by excess va- 

ancies is more pronounced for lower temperatures, whereas the 

econd step that takes place in thermal equilibrium strictly follows 

he expected kinetics, i.e. faster and higher α for higher temper- 

tures. Note that not only hardness but also electrical resistivity 

ncreases faster at lower temperatures [ 16 , 17 ], which could have 

imilar reasons. 

Fig. 4 d displays ageing curves for different times as a func- 

ion of temperature. This result has to be compared to Fig. 1 b. 

he simulation obviously represents the main stages of the exper- 

ments very well with the exception of stage IV (overageing) that 

s not included in the model. The observed maxima and minima 

f the experimental curve and stage II in Fig. 1 b are well repro-

uced by the simulation as shown for example for 4 h of age- 

ng by arrows. If one differentiates in Eq. (3) between equilib- 

ium and excess vacancy contributions by using either x i v −eq , trp (T ) 

r x i v , trp (T ) − x i v −eq , trp (T ) for the last term V i there, respectively, 

e obtain the black broken lines for 10 min ageing time, αex (T ) 

nd αeq (T ) , and see that below ~125 °C all precipitation within 

0 min is driven by excess vacancies. For any ageing time the 

xcess vacancy contributions merge into the black broken line. 

hese simulations therefore clearly underline that the two hard- 

ning regimes in Fig. 1 b can be associated to a regime of excess 

acancy driven clustering and a second high-temperature regime 

overned by equilibrium vacancies. The differences between Fig. 4 d 

nd Fig. 1 b (e.g. ageing time dependence of hardness in stage II) 

ndicate that nucleation effects or different strengthening efficien- 

ies of precipitates formed at different tem perature might also play 

 role. Fig. S1 of the supplement shows data in addition to Fig. 4 d

ith adjustments of the concentrations c i in Eqs. (7 , 8 ) taken into 

ccount. The effect of such adjustments is very small. 

.3. Simulation of linear heating 

We apply a linear heating profile after solutionising and 

uenching and obtain from Eqs. (3 , 4 ) the ‘DSC trace’, i.e. the 

erivative of α, for the two components and the total. Fig. 5 fea- 

ures two peaks as T increases, the first at ~75 °C, the second at 

250 °C, which is in accordance with the clustering and precipi- 

ation peaks in the experimental DSC curves, Fig. 2 a,b. The rela- 

ive heights of the two peaks are the same in the calculations and 

he experiment. For temperatures below 200 °C, precipitation of Si 

ominates, which is why we use the vacancy site fraction x Si 
v , trp to 

xplain the effects. It exhibits a minimum between the two peaks, 

emonstrating that the first peak correlates with a large excess of 
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Fig. 4. Calculated isothermal ageing after solutionising and quenching in alloy 6014. a) Course of local vacancy site fractions around Mg and Si atoms and the corresponding 

equilibrium values. b) α and dα/ dT during isothermal ageing at 20 °C and 60 °C demonstrating higher achievable excess-vacancy driven precipitation at the lower tem- 

perature (arrows and lines explained in the text, inset shows course of vacancy Si-site fraction). c) Isothermal ageing at different temperatures driven mainly by excess 

vacancies left of each square on a curve, by equilibrium vacancies right of each square. (d) Ageing for different times displayed as a function of ageing temperature. For 10 

min ageing time, the curve has been decomposed into ex(cess), αex , and eq(uilibrium), αeq , contributions. The excess vacancy contribution is the same for all ageing times 

at high temperatures and has been continued towards lower temperatures (dashed line). 
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acancies, the second with equilibrium vacancies. The product of 

he vacancy fraction and the Si migration enthalpy – V Si and M 

Si 

n Eq. (3) – is responsible for the first peak. At low temperatures, 

ay −20 °C, the migration term is too low to allow for cluster- 

ng, whereas around 130 °C annihilation of excess vacancies limits 

urther clustering. The re-increase of the equilibrium vacancy site 

raction and the faster migration then give rise to the second peak 

hich comes to an end because α eventually approaches 1. The 

igh-temperature range is also influenced by x 
Mg 
v , trp as seen from 

he Mg-related peak. Mg might gain additional influence via inter- 

ctions with other elements even at ‘room temperature’ as shown 

or example for Al-Cu-Li alloys [44] but this is beyond the model 

sed here. 

If samples are aged at 180 °C before DSC, the simulated peak 

s modified, see Fig. 6 a. Ageing for up to 30 s completely elimi-

ates the first peak. The primary reason is that excess vacancies 

nneal out and not so much because solute is consumed (see in- 

et). In 10 s of AA the vacancy site fraction around the Si atoms 

s reduced from 450 times to just about 15 times the equilib- 

ium value at 180 °C (see inset), which has a very pronounced ef- 
7 
ect. In contrast, in 10 s of AA, just a small fraction of the avail-

ble solutes are consumed. The calculated DSC curves in Fig. 6 a 

orrespond very well to Fig. 2 a including the slight shift of the 

eak maximum to higher temperatures (short broken line), and 

ig. 6 b represents Fig. 2 d very well. After about 100 s of AA,

he second peak in Fig. 6 a also starts to decrease. As we are

ealing exclusively with equilibrium vacancies at this stage, the 

eason is solute consumption during AA preceding DSC. This fits 

icely to the experimentally observed onset of AA after 2 min, 

ee Fig. 1 a. 

.4. Simulation of vacancy trapping by clusters 

NA influences the DSC trace in a different way than AA, see 

ig. 2 c,e, and we suspect that is due to interactions between va- 

ancies and clusters. In order to verify this, we carried out calcula- 

ions including trapping of vacancies by clusters. The Lomer equa- 

ion can be extended to trapping of vacancies by small clusters if 

hey are thought to be point-like, see supplement Eq. (S10). Unlike 

olute atoms, clusters do not contribute to diffusion in Eq. (6) . We 
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Fig. 5. Calculated dα/ dT (‘DSC trace’), heating rate 10 K �min −1 (black). Red lines 

show the local vacancy site fraction around Si atoms – term ‘V’ in Eq. (3) –, the 

broken line the Si migration term labelled ‘M’ in Eq. (3) (re-scaled to approximately 

match V). The corresponding data for Mg has been omitted since clustering is dom- 

inated by Si diffusion up to ~200 °C as seen by the decomposition of dα/ dT into Mg 

and Si contributions. The vertical arrows relate the changes of the DSC curve to the 

quantities that have the largest influence. 
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ssume that vacancies interact stronger with clusters than with in- 

ividual solutes, a viewpoint recently confirmed by calculations of 

he binding of a vacancy and two solute atoms [39] . Further recent 

alculations have shown typical interaction energies ranging from 

.306 eV for small clusters formed by short NA to 0.581 eV for an

dvanced NA state in more concentrated alloys [45] . Atom probe 

easurements suggest cluster number densities of typically 10 23 - 

0 24 m 

−3 [ 4 , 46 , 47 ] (possibly missing out very small clusters), while

ositron lifetime experiments rather yield 10 25 m 

−3 [21] . With this 

n mind, we assume that the cluster number density increases lin- 

arly from 0 to 6 × 10 24 m 

−3 (site fraction c cl from 0 to 10 −4 )

s α goes from 0 to 1. For the vacancy-cluster interaction energy 

H 

cl 
b 

we use values of 0.2 eV for the first clusters (which is more 

han between a vacancy and a single Si atom, 0.11 eV), 0.306 eV 

or short NA ( α= 0.2) and 0.581 eV for long NA. This leads to the

inear parametrisation �H 

cl 
b 

= 0 . 2 + 0 . 53 × α [eV]. It is less rigor-

usly based on calculated data and an elaborate model than the 

nes in the previous sections but appears a reasonable approach 

o estimate the effect of vacancy-cluster interactions. 
ig. 6. (a) Calculated d α/d T (‘DSC trace’), heating rate 10 K �min −1 for as-quenched samp

 

Si 
v , trp relative to equilibrium value at 180 °C before the DSC run. (b) Height of clustering p

8 
Fig. 7 a shows the effect of trapping on NA that is delayed to- 

ards higher ageing times. This is due to increasing vacancy trap- 

ing by clusters that are formed during NA – caused by the in- 

rease of the interaction energy and cluster fraction with α. The 

hape of the curve deviates from that of a JMAK model even with 

ifferent values of the Avrami index n . This is related to the diffi- 

ulties encountered when trying to fit hardness or resistivity data 

o JMAK-type functions [ 19 , 48 ], namely that experimental NA hard- 

ning curves tend to be flatter in later stages than the most rea- 

onable JMAK fit. The current authors, for example, found that 

ardness during NA evolves more like the red than the black line 

n Fig. 7 a [19] . 

Next, the effect of vacancy trapping is investigated for linear 

eating both after ageing at 180 °C and NA as shown in Fig. 2 c,e.

he effect is very different in the two cases: While the course of 

he rate of clustering (‘DSC trace’) is only moderately altered for AA 

compare Fig. 6 a and Fig. 7 b), a more notable shift is obtained for

A ( Fig. 7 c). To make this more visible, Fig. 7 d compares the peak

ositions and heights for the data given in Fig. 6 a and data calcu- 

ated for NA without cluster trapping (not shown) with the data 

n Fig. 7 b,c (trapping by clusters). In the latter case, NA before lin- 

ar heating shifts the DSC peak by more than 60 K for the longest 

geing time. The DSC curve in Fig. 7 c resembles the experimen- 

al curve Fig. 2 e very closely. Thus, these simulations underline the 

mportance of vacancy-cluster interaction in simulating some ex- 

erimental observations. 

. Discussion 

The quenched microstructure of an alloy contains a high so- 

ute supersaturation and excess vacancies, which both tend to be 

educed towards the equilibrium state during ageing. The ageing 

emperature as the key parameter determines the kinetics of the 

rocesses, more specifically the rates of cluster formation and va- 

ancy evolution, and especially the role of the excess vacancies in 

ccelerating solute diffusion. We have demonstrated experimen- 

ally and with simulations that, as the ageing temperature varies, 

luster formation is a result of a competition between excess va- 

ancy annihilation and the diffusion process, both thermally acti- 

ated. It is shown that NA primarily benefits from excess vacan- 

ies that survive for a long time. In contrast, they are largely re- 

oved in the initial seconds of AA without causing much hard- 

ning. Therefore, most of AA can be attributed to equilibrium va- 
les (AQ) and samples aged at 180 °C (AA) prior to DSC. Inset: vacancy site fraction 

eak for samples aged at 180 °C and 160 °C relative to peak height in AQ sample. 
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Fig. 7. Effect of trapping of vacancies by clusters. (a) NA at 20 °C in comparison to simulation without cluster trapping, (b) Heating at 10 K �min −1 after short ageing at 

180 °C (AA), (c) Heating at 10 K �min −1 after NA at 20 °C, (d) comparison of peak heights and positions for the 4 scenarios studied (from Figs. 6 a, 7 b and 7 c and one not 

shown). 
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ancies and the fast kinetics originate from the pronounced ther- 

al activation of solute diffusion. In the intermediate temperature 

egime, however, the faster increase of vacancy annihilation than of 

olute migration with higher temperature results in the observed 

ardening anomaly in stage II of Fig. 1 b, i.e. higher ageing temper- 

ture results in lower hardening for a given time. In the following, 

e further discuss the mechanism that controls this phenomenon 

nd discuss how it might be utilised to help designing better heat 

reatment strategies. 

.1. Mechanisms controlling the competing processes 

Both the annihilation of excess vacancies and solute diffusion 

ely on the same physical process—vacancy jump. At higher tem- 

erature, the equilibrium vacancy site fraction is reached faster due 

o a higher vacancy jump frequency. However, on the way to the 

inks, excess vacancies also transport solute atoms when they ex- 

hange positions with them. Therefore, how fast excess vacancies 

each sinks —determined also by the vacancy sink density— should 

ot be the underlying cause of the hardening anomaly, because so- 

ute diffusion is influenced accordingly. It has to be that fewer to- 

al solute jumps occur at higher ageing temperature as excess va- 

ancies annihilate out, i.e. vacancies are less efficient in assisting 

olutes to jump. This can be understood by calculating the total 
9 
lustered fraction caused by the excess vacancies only (dashed line 

ex (T ) in Fig. 4 d). To obtain an analytical expression for this line,

e simplify the scenario and do not consider vacancy trapping by 

lusters and perform the calculation with only one solute element, 

amely Si, since it is the main diffuser at low temperature ( Fig. 5 ).

n analytical solution can be conveniently given for the integration 

f Eqs. (3 –8 ) at isothermal ageing conditions. The detailed calcu- 

ation can be found in supplement S4. The simplified final result 

s: 

ex ( T ) = 1 − e 

[ 
−B 

D 2 ( T ) 
˜ D eq ( T ) 

ζ ( T ) 

] 
(9) 

here B is a positive temperature-independent term, and ζ (T ) is 

 slowly increasing function of temperature which is related to the 

odel in Eq. (6) (the exponentially decaying excess vacancy model 

sed in [ 49 , 50 ] does not contain this term). The average and solute

iffusion coefficients ˜ D eq (T ) and D 2 (T ) have been defined above. 

ig. 8 a shows all temperature dependent terms in Eq. (10) . The de-

reasing αex (T ) in the temperature range of interest is due to a de- 

reasing 
D 2 
˜ D eq 

. Since ˜ D eq can be approximated by the solvent diffu- 

ion coefficient D 0 (T ) in this temperature range, the reason for the 

ecreasing αex (T ) can be attributed to a lower migration activa- 

ion energy of D 2 than D 0 . In other words, the hardening anomaly 

s caused by the competition between solute diffusion and self- 
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Fig. 8. Discussion of the origin of the hardening anomaly. (a) Temperature-dependent factors in Eq. (9) causing the anomaly. (b) Precipitation after 4 h of ageing as a 

function of temperature. Lines from top to bottom: stepwise decrease of �H Si 
b 

from the original value of 0.11 eV down to −0.03 eV, while ensuring that �H f, 0 − �H Si 
b 

= 0.6 

eV = const. The anomaly, i.e both maxima and minima, gradually disappears. In both graphs, only Si diffusion is taken into account. 
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iffusion. To demonstrate this conclusion, we can vary 
D 2 
D 0 

(T ) and 

bserve the influence on the hardening anomaly. By writing [31] : 

D 2 

D 0 

= 

f 2 
f 0 

ν∗
2 

ν∗
0 

e 
−�H m, 2 +�H m, 0 +�H b 

kT e 
−�S b 

k , (10) 

ith symbols as in Eqs. (3 , 7 ) and in Table S1 of the supplement,

e can manipulate the hardening anomaly by changing �H b and 

etting the sum of the 3 enthalpies go to zero (one could also ma- 

ipulate �H m, 2 , �H m, 0 , or f 2 ). Fig. 8 b shows that by reducing �H b 

rom 0.11 eV to −0.03 eV, we gradually remove the temperature 

ependence of 
D 2 
D 0 

(T ) and thus also the hardening anomaly. 

Since all the simulation results depend on the input data used, 

 consistent parameter set is crucial for the simulation. The param- 

ters provided by Ref. [31] are consistent and reproduce real diffu- 

ion data, which is why they are adopted in this work. However, 

he conclusions obtained should be still valid if other parameter 

ources are used as long as they fulfill the same criteria. 

To illustrate the robustness of the current approach supplemen- 

ary Fig. S5 shows the consequence of changing the vacancy-Mg 

inding energy to a positive value as claimed by various sources 

38-42] . It is seen that the conclusions of this paper can all be held

espite such changes. 

.2. Implication for industrial application 

Understanding the role of excess vacancies and their interplay 

ith precipitation helps in designing improved heat treatments. 

or instance, for the currently studied 6xxx alloys that are widely 

sed as car body panel materials, storage in the low-strength state 

s required to ensure good formability before stamping. Therefore, 

lloys are normally pre-aged at intermediate temperature to an- 

eal out excess vacancies without too much hardening to ensure 

low hardening during subsequent natural secondary ageing [18] . 

xcess vacancies might be useful in other cases since hardening 

t low temperature for the same time can be as effective as age- 

ng at higher temperatures. This could significantly reduce the en- 

rgy consumption by replacing high-temperature ageing by low- 

emperature or even room temperature ageing if possible. To fur- 

her enhance hardening at low temperatures requires even more 

acancies, which might be provided by continuous straining of the 

aterial [ 50 , 51 ]. 
10 
. Conclusions 

The role of quenched-in excess vacancies during age harden- 

ng at various temperatures in an Al-Mg-Si aluminium alloy has 

een investigated using various experimental methods (hardness, 

SC, positron lifetime measurements) and precipitation simula- 

ions with the consideration of excess vacancy annihilation. We 

nd: 

• After AA even for just a few seconds, the cluster peak in the 

DSC trace disappears and the positron lifetimes drops markedly, 

evidencing that excess vacancies are largely removed. 

• Hardening curves as a function of temperature for various iso- 

times show a double peak structure, which divides the curves 

into four stages. The peak at lower temperature is primarily 

caused by excess vacancies and the one at higher temperature 

by equilibrium vacancies. Of particular interest is the inter-peak 

region (‘stage II’) where an increasing temperature leads to a 

stronger vacancy loss that outruns the enhanced thermal acti- 

vation of precipitation. As a consequence, slower hardening is 

obtained despite the higher temperature. 

• Simulations based on a realistic treatment of vacancy evolution 

and ab-initio diffusion parameters, reproduce the experimental 

features of isothermal ageing at various temperatures as well 

as linear heating (DSC) after AA very well. The shift of the DSC 

cluster peak after NA can be simulated by implementing a less 

rigorous vacancy-cluster interaction model. 

All these results suggest that NA is a process that is governed 

y excess vacancies while AA is caused by equilibrium vacancies 

xcept for a very short initial period. The hardening difference 

aused by excess vacancies at different temperatures can be at- 

ributed to the competition between excess vacancy annihilation 

nd solute precipitation, which is governed by a ratio between the 

olute- and self-diffusion coefficients. Understanding the role of ex- 

ess vacancies in ageing might allow the industry to engineer more 

fficient heat treatments, especially because the basic mechanisms 

iscovered here can also be applied to other alloys. 
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