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a b s t r a c t 

A physically-based model for the computational evaluation of differential scanning calorimetry (DSC) curves during continuous cooling of Al alloys from solution 

annealing temperature is developed. The model is particularly suitable for predicting the nucleation and growth of quench induced precipitates at heterogeneous 

nucleation sites, such as grain boundaries, the stress field of dislocations or particles like primary phases or dispersoids. The thermokinetic model incorporates an 

extended formulation of the precipitate nucleation barrier and considers 𝛽-Mg 2 Si and B’-Al 4 Mg 8 Si 7 phase precipitates. These are the dominating, experimentally 

observed quench induced phases in an aluminium AA6005 alloy within a wide range of cooling rates. The model is implemented in the thermokinetic software 

MatCalc, which simulates the precipitation processes and the evolution of excess specific heat capacities during the heat treatments. The Generalized Broken Bond 

model, incorporating the effects of interface curvature and diffuse interfaces, is used for interface energy prediction. Comparison of experiment and simulation 

demonstrates that the impact of heterogeneous nucleation sites must be adequately considered in the nucleation energy expression to obtain accurate predictions of 

the precipitate evolution, particularly for precipitation at low and very low undercooling as present during continuous cooling, particularly at slower cooling rates. 
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. Introduction 

Precipitation of Mg-Si phases during cooling after solution treatment

r homogenization in Al-alloys affects the microstructural changes dur-

ng subsequent artificial ageing or pre-heating of hot forming processes

 1–6 ]. An in-depth understanding of the kinetics of precipitation will

llow for predictions on these microstructural changes and thus assist

he production of material with optimized properties. During cooling of

olution-treated Mg- and Si-alloyed AA6xxx Al-alloys, thermodynami-

ally stable 𝛽 and metastable Al-containing Mg-Si B’-phases form. The

ubic 𝛽-Mg 2 Si phase occurs as incoherent precipitates with the stoi-

hiometry 𝛽-Mg 2 Si [7] . Dumolt et al. [8] detected the B’- Al 4 Mg 8 Si 7 
hase as a lath-like precipitate growing along the < 100 > directions of

he matrix. A thermodynamic description of these phases has been sug-

ested by Povoden-Karadeniz et al. [9] . 

A well-established experimental method to investigate precipita-

ion reactions is differential scanning calorimetry (DSC) [ 10–13 ]. Most

f this research has focused on continuous heating DSC. A compar-

son of experimental continuous heating DSC results with computer

imulation of heat flow and phase precipitation has been carried out
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y, e.g., Lang et al. [ 14 , 15 ] or Falahati et al. [16] . Milkereit and co-

orkers have extensively investigated precipitation reactions during

ooling from elevated temperatures by DSC, including a range of Al-

lloys within the AA6xxx series [ 17–21 ]. These authors have analyzed

he relation between different cooling rates and the evolution of the

quilibrium 𝛽-Mg 2 Si and metastable Al 4 Mg 8 Si 7 B’-phase at heteroge-

eous nucleation sites, such as grain boundaries or particles like primary

hases for 𝛽-Mg 2 Si phase precipitates [ 17 , 20 , 22 ] and dispersoids for B’-

l 4 Mg 8 Si 7 phase precipitates [ 17 , 19 , 20 ]. In 6xxx alloys, primary phases

re AlFeMnSi-phases at grain boundaries, which form during casting.

ispersoids nucleate in the matrix at 𝛽’-phase during first re-heating

fter casting at about 350°C [23] and have a similar composition and

tructure as primary phases. 

An appropriate understanding of the energetics of heterogeneous

recipitation is required to conduct predictive simulations of precip-

tation during continuous cooling. In the current modeling approach,

eterogeneous nucleation site energies are considered in evaluating the

ucleation barrier for the precipitation reactions, emphasizing the case

f low and very low undercooling. In the model formulation, the nu-

leation event will compensate some part of the heterogeneous nucle-
l University of Vienna: Technische Universitat Wien, Getreidemarkt 9, 1060, 
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tion site energy and thus, potentially facilitate the nucleation process.

nly with these considerations, a sound prediction of precipitate nu-

leation during slow cooling below solution temperature is successfully

chieved. 

. Modeling 

In the following, the advanced model for precipitate nucleation is

utlined as developed in the present work. Supchapters 2.1 to 2.3 are

ritten in a universal way and are not restricted to typical nucleation

echanisms in aluminium 6xxx alloys. 

Emphasis is placed on continuous cooling conditions. The main chal-

enge of the simulation is the correct representation of the nucleation

onditions at heterogeneous nucleation sites, such as grain boundaries

faces, edges, and corners), dislocations and primary or dispersoid par-

icles, with the boundary condition that nucleation occurs at low and

ery low undercooling (supersaturation). These conditions are typical

or continuous cooling DSC experiments at low cooling rates where

he phase boundaries of precipitates are approached from the high-

emperature region. It is also demonstrated that the impact of heteroge-

eous nucleation sites becomes increasingly prominent with decreasing

ooling rate. 

.1. Classical precipitate nucleation 

In the framework of classical nucleation theory (CNT) [24] , the tran-

ient nucleation rate, J, is the governing model parameter for precipi-

ation kinetics simulations during heat treatment of an alloy. It is com-

only written as [25] 

 = 𝑁 0 𝑍𝛽∗ 𝑒𝑥𝑝 

( 

− 𝐺 

∗ 

𝑘 𝐵 𝑇 

) 

𝑒𝑥𝑝 

(− 𝜏

𝑡 

)
(1)

here N 0 is the number of potential nucleation sites, Z is the Zeldovich

actor, 𝛽∗ is the atomic attachment rate, G 

∗ is the critical nucleation en-

rgy, k B is the Boltzmann constant, 𝜏 is the incubation time, t is time,

nd T is temperature. This critical nucleation energy, G 

∗ , strongly de-

ermines J . It is commonly derived from the extremum value of the nu-

leation energy 

𝐺 

𝐶𝑁𝑇 
𝑛𝑢𝑐𝑙 

= 

4 
3 
𝜋𝜌3 Δ𝐺 𝑣𝑜𝑙 + 4 𝜋𝜌2 Δ𝐺 𝑖𝑛𝑡𝑓 (2)

here Δ𝐺 

𝐶𝑁𝑇 
𝑛𝑢𝑐𝑙 

is the CNT free energy of nucleus formation. In conven-

ional CNT, ΔG nucl depends only on the radius of the nucleus, 𝜌, whereas

he volume free energy change, ΔG vol , and the specific interface energy,

G intf , are constant and independent of the nucleus size. Under these

onditions, the critical nucleation barrier is straightforwardly obtained

ith 

 

∗ 
𝐶𝑁𝑇 

= 

16 
3 
𝜋

(
Δ𝐺 𝑖𝑛𝑡𝑓 

)3 
(
Δ𝐺 𝑣𝑜𝑙 

)2 (3)

hich can be inserted directly into Eq. (1) to obtain the nucleation rate

f the precipitation process. 

.2. Temperature- and size-dependent interface energy 

In CNT and its application to precipitation modeling, the interface

ree energy, ΔG intf , is often a (constant) fitting parameter to match the

omputed evolution of precipitation parameters to experimental data,

uch as phase fraction, mean radius and number density. However, this

ssumption is a severe simplification since both, the volume and inter-

ace contributions to the nucleation free energy, are functions of temper-

ture and size of the nucleus and the chemical composition of precipitate

nd matrix. To emphasize these dependencies, the symbols D f and 𝛾 are

ntroduced and used subsequently with 

 𝑓 = −Δ𝐺 𝑣𝑜𝑙 

(
𝑇 , 𝑋 𝑖 

)
(4)
2 
here D f denotes the driving force for the reaction and g the effective

nterface energy, given as 

= Δ𝐺 𝑖𝑛𝑡𝑓 

(
𝑇 , 𝜌, 𝑋 𝑖 

)
(5)

In developing the Generalized Broken Bond (GBB) model, Sondereg-

er and Kozeschnik [26] utilize the direct relation between the specific

nterface energy and the solution enthalpy, Δ𝐻 𝑠𝑜𝑙 . In their treatment of

he planar, sharp interface energy, 𝛾0 , this quantity is written as 

0 = 

𝑛 𝑆 ⋅ 𝑧 𝑆,𝑒𝑓𝑓 
𝑁 ⋅ 𝑧 𝐿,𝑒𝑓𝑓 

⋅ Δ𝐻 𝑠𝑜𝑙 (6)

here n S is the number of atoms on unit interfacial area and N is the

vogadro number. The quantities z S,eff and z L,eff are the effective num-

er of broken bonds across the interface and the effective coordination

umber, respectively. The structural factor, 𝑧 𝑆,𝑒𝑓𝑓 ∕ 𝑧 𝐿,𝑒𝑓𝑓 , is obtained,

fter averaging over several interfacial directions, with approximately

.329 for fcc crystal structure and 0.328 for bcc. 

In follow-up work, the same authors investigate the impact of in-

erfacial curvature [27] and temperature [28] on the effective interface

nergy, of a small precipitate (nucleus), with the result that 

= 𝛼( 𝜌) ⋅ 𝛽( 𝑇 ) ⋅ 𝜅 ⋅ 𝛾0 
(
𝑇 , 𝑋 𝑖 

)
(7) 

here the functions 𝛼( 𝜌) and 𝛽( 𝑇 ) are given as 

( 𝜌) = 1 − 

20 
11 

⋅
𝑟 𝑐 

𝜌
+ 

(45 
44 

− 

1 
22 

𝑙𝑛 2 
)
⋅
( 

𝑟 𝑐 

𝜌

) 2 
+ 

1 
2 
⋅ 𝑙𝑛 

( 

𝜌

𝑟 𝑐 

) 

⋅
( 

𝑟 𝑐 

𝜌

) 2 
(8)

ith 𝑟 𝑐 = 0 . 3 ⋅ 𝑟 1 , r 1 being the nearest neighbor atomic distance, and 

( 𝑇 ) ≈ 8 . 4729 ⋅
(

𝑇 

𝑇 𝑐 

)6 
− 26 . 691 ⋅

(
𝑇 

𝑇 𝑐 

)5 
+ 32 . 717 ⋅

(
𝑇 

𝑇 𝑐 

)4 

−17 . 674 ⋅
(

𝑇 

𝑇 𝑐 

)3 
+ 2 . 2673 ⋅

(
𝑇 

𝑇 𝑐 

)2 
− 0 . 09 ⋅(

𝑇 

𝑇 𝑐 

)
+ 1 . 000476320 

(9) 

nd 𝜅being an efficiency factor for heterogeneous nucleation at particles

uch as dispersoids, which is discussed later in Section 2.4 . Eq. (9) is a

aluable polynomial fit to the implicit approximation published in ref.

28] and it is used in this form in the present analysis. With the regu-

ar solution critical temperature, T c [28] , the nucleus interface energy

s unambiguously determined and used in Eq. (1) to compute the nu-

leation rate of a given precipitate as a function of the chemical alloy

omposition, temperature and cooling conditions. 

.3. Heterogeneous nucleation site energy 

As indicated in the previous section, the effective interface energy,

, can be predicted from thermodynamic information, i.e., CALPHAD-

ssessed Gibbs energies [29] , and the alloy chemistry. Once this value

nters the nucleation barrier expression, Eq. (3) together with the driv-

ng force, D f , the nucleation barrier for homogeneous nucleation is well

efined. However, this homogeneous nucleation value can be substan-

ially altered when nucleation occurs at heterogeneous sites. The basic

dea of considering the energetic conditions at heterogeneous sites is to

ssume that the nucleation event (i) replaces part of the heterogeneous

ite volume or area and (ii) can be facilitated by primary phases and

ispersoids that offer surfaces with lower inter-phase boundary energy

ompared to that between the precipitate and the parent Al-matrix. With

he associated energy gain / advantage at the heterogeneous nucleation

ite, ΔG het , an extended nucleation energy expression can be written as

𝐺 𝑛𝑢𝑐𝑙 = 

−4 
3 
𝜋𝜌3 ⋅𝐷 𝑓 + 4 𝜋𝜌2 ⋅ 𝛾 − Δ𝐺 ℎ𝑒𝑡 ( 𝜌) (10)

In contrast to the CNT treatment, the critical nucleation energy and

he critical radius can no longer be evaluated as a closed analytical ex-

ression but must be sought by numerical techniques. 

The reduction of the effective nucleation barrier at heterogeneous

ites makes the nucleation event energetically more favorable than the

omogeneous case. The amount of this gain in energy by removing,
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Fig. 1. Heterogeneous nucleation sites: (a) grain boundary, (b) grain boundary corner, (c) dislocation, (d) grain boundary edge, (e) stress field of the dislocation 

and (f) epitaxial on particle surface. 

Table 1 

Energies of structural heterogeneous nucleation sites. 𝜌 … radius of the nucleus, 𝛾gb … grain boundary energy, L 

… dislocation line energy. 

Bulk Dislocation Grain boundary GB edge GB corner 2nd-phase particle 

0 𝜂 ⋅ 𝜌𝐺𝑏 2 𝜋𝜌2 𝛾gb 3/2 𝜋𝜌2 𝛾gb 6 arctan( 
√
2 ) 𝜌2 𝛾gb 2 𝜅𝑠 ⋅ 𝜋𝜌2 𝛾𝑔𝑏 

e  

t  

m  

c  

a  

f  

t  

[  

s  

F  

s  

d  

 

o  

p  

m  

b  

t  

u  

e  

c  

i  

G  

t  

r  

t  

e  

t  

w  

c

 

a  

m  

r  

o  

i  

a  

e  

t  

(  

f  

e  

b  

e  

f  

h  

o  

p  

f  

m  

b  

t  

h  

c  

n

 

b  

s  

c  

l  

A  

d  

v  

w  

b

.g., grain boundary or dispersoid/matrix interfacial area, must be in-

erpreted in relation to the available driving force for precipitate for-

ation. When the driving forces are small, the gain in energy can be

omparably large and even over-compensate the homogeneous nucle-

tion barrier, which means that the nucleation barrier vanishes. Barrier-

ree nucleation has also been proposed by van Dijk et al. [30] for

he austenite to ferrite transformation in steel or by Song and Hoyt

31] in molecular dynamics simulations. Fig. 1 shows a sketch of pos-

ible heterogeneous nucleation sites for a spherical nucleus, whereby

ig. 1 (c) depicts nucleation directly on a dislocation line and Fig. 1 (e)

hows nucleation at the stress field next to the dislocation (color gra-

ient). Dark grey planes in the figure indicate the respective interfacial

areas. 

The calculation of ΔG het for various nucleation sites involving planar

r linear lattice defects (grain boundaries and dislocations) is based on

urely geometrical considerations. The associated equations are sum-

arized in Table 1 . For nucleation on grain boundaries (GB), grain

oundary edges (GBE) and corners (GBC), the gain in energy is related

o the removal of a certain amount of grain boundary area by the vol-

me of the newly formed precipitate. In the case of dislocations, the

nergy advantage is associated with the partial removal of the dislo-

ation stress field described by the dislocation line energy, L , which

s, in a first approximation, related to one half of the shear modulus,

 , and the square of the Burgers vector, b , with L = 0.5Gb 2 [32] . Since

he nucleus of a new phase usually does not remove the crystal defect

epresented by a dislocation but rather relax either the compressive or

ensile part of the dislocation stress field, the maximal amount of en-

rgy gain given by the product of nucleus diameter, 2 r , and disloca-

ion line energy, L , might be weighted by an efficiency factor, 𝜂 ≤ 1 ,
hich is an a-priori unknown calibration coefficient in the practical

alculation. 

Like in the case of the dislocation stress field, heterogeneous nucle-

tion at particles is difficult to predict on a rigorous basis. Some treat-
3 
ents based on geometrical considerations for the nucleus shape are

eported, e.g., in refs. [33–35] . Since several input quantities in the rig-

rous treatments are commonly unknown, in the approximation taken

n the present work, it is assumed that this type of heterogeneous nucle-

tion site can be accounted for by (i) a calibration factor, 𝜅i ≤ 1 , for the

ffective (average) interface energy representing the chemical contribu-

ion to the interface energy at a coherent phase boundary ( Eq. (7) ) and

ii) an additional structural (incoherent) energy contribution resulting

rom modification of the original phase boundary structure to an en-

rgetically more favorable new interface structure. This energy contri-

ution is assumed to be maximally in the order of the grain boundary

nergy of the Al-matrix. It is, therefore, related to this quantity by a

urther calibration factor, 𝜅s ≥ 0 , representing the contribution to the

eterogeneous site energy given by the difference in structural energy

f the original incoherent interfacial area at the 2 nd -phase particle com-

ared to the newly formed interface between particle and nucleus. The

actor 2 in the expression listed in Table 1 is introduced for convenience,

ostly accounting for the fact that the half-cap nucleus is assumed to

e in contact with the particle surface in an angle smaller than 90° and

he new phase can be approximated by a spherical cap instead of a full

alf-sphere. It is further assumed that the particles are sufficiently large

ompared to the critical nucleus size to offer a nearly planar heteroge-

eous nucleation surface. 

Depending on the particular energetic constitution of the interface

etween a particle and a new nucleus and the strength of chemical and

tructural contributions, particles often represent most favorable nu-

leation sites in metallic microstructures. For the case of the 6005 al-

oy investigated here, the preferred heterogeneous nucleation sites are

lFeMnSi-primary phases for β-Mg 2 Si [ 17 , 20 , 22 ] and Al(Cr,Mn,Fe)Si-

ispersoids for B’-Al 4 Mg 8 Si 7 [ 17 , 20 , 36 ]. It should be mentioned that

arious additional nucleation mechanism for aluminium based alloys

ere documented in literature e.g. dislocations as nucleation sites in

inary Al-Si or ternary Al-Mg-Si alloys [ 20 , 37 ]. 
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Fig. 2. Nucleation energy of 𝛽-Mg2Si at 500 C as a function of the precipitate radius and a grain boundary energy, 𝛾𝑔𝑏 = 0 . 5 𝐽∕ 𝑚 

2 . CNT… classical nucleation theory; 

with the effects of 𝛽( 𝑇 ) … diffuse interface, 𝛼( 𝜌) … interface energy size effect, and heterogeneous nucleation energy with hetdisl … dislocation, hetgb … grain 

boundary, hetgbe … grain boundary edge and hetgbc … grain boundary corner. The right image is a close-up for heterogeneous energy contributions. 

Table 2 

Mass fractions of alloying element atoms [ma. %]. The bold elements are 

considered in the thermokinetic simulations. 

Alloy Si Fe Cu Mn Mg Cr Zn Ti 

AA6005A 0.68 0.2 0.01 0.11 0.57 0.04 0.01 0.018 
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forms a nucleation barrier that is evaluated as the difference between 
.4. Thermodynamic analysis of the nucleation barrier 

This section discusses several theoretical scenarios for the com-

uted precipitate nucleation barrier based on 𝛽-Mg 2 Si. The mass frac-

ions of alloying element atoms of the studied Al-alloy are summa-

ized in Table 2 . Only the ternary Al-Mg-Si system is considered in

he thermodynamic and precipitation kinetics simulations for the ben-

fit of clear interpretation. Thermodynamic equilibrium calculations

ased on the open-source database “mc_al.tdb ”, version 2.035 (from

ttp://matcalc.at), indicate that the solvus of the 𝛽-Mg 2 Si phase is

hifted to a lower temperature by less than 2 K when ignoring the

race elements. The direct thermodynamic influence on 𝛽-Mg 2 Si and

’-Al 4 Mg 8 Si 7 precipitates can thus be neglected. Kinetic considerations

o this simplification are elaborated later in Section 3.1 . 

Fig. 2 displays the normalized nucleation energy of the stable 𝛽-

g 2 Si phase evaluated with Eq. (10) as a function of the precipitate

adius at a temperature of 500°C, which is roughly 25 K below the ther-

odynamic solvus of 528°C. The grain boundary energy, 𝛾gb , has been

eported to be an effective quantity with an average value between 0.3 -

.5 J/m 

2 [38–40] . Here, a grain boundary energy, 𝛾𝑔𝑏 = 0 . 5 𝐽∕ 𝑚 

2 , is used

nless stated otherwise. The solid lines labeled with “CNT ” correspond

o the evaluation of Δ𝐺 𝑛𝑢𝑐𝑙 by employing Eq. (10) for constant values of

 𝑓 and 𝛾 and in the absence of the heterogeneous nucleation site en-

rgy, Δ𝐺 ℎ𝑒𝑡 . The diagram also shows the shape of the nucleation energy

ersus radius curve when contributions of different mechanisms, which

ead to a reduction of the effective precipitate/matrix interface energy

nd, consequently, a reduced nucleation barrier, are considered. These

re the diffuse interface effect [41] (dashed blue lines) and the interface

nergy size effect [27] (light dashed green lines). These two contribu-

ions have also been considered in simulations performed in previous

ork [ 14 , 15 ]. 

The temperature of 500°C is chosen for the computational analysis in

ig. 2 because it corresponds roughly to the temperature where the first

SC signal is observed in the experiments with lowest cooling rate (see

ection 4 , later). Interestingly, the predictions of CNT (solid lines) indi-

ate that the nucleation of the stable equilibrium phase 𝛽-Mg Si should
2 

4 
e entirely suppressed because the nucleation barrier adopts a value of

ore than 3000 k B T . This value delivers practically zero for the expo-

ential term in Eq. (1) and, consequently, a nucleation rate that is almost

ero. Even when considering the diffuse interface effect with the param-

ter 𝛽( 𝑇 ) and the interface energy size effect with α(ρ) , the nucleation

arrier is still too high for any conceivable precipitation with barrier

alues of roughly 1500 k B T . 

A large effect in terms of a nucleation barrier reduction stems from

he heterogeneous nucleation site energy, i.e., grain boundaries and the

orresponding edges and corners. Assuming a grain boundary energy

alue of 0.5 J/m 

2 , the nucleation barrier at grain boundary faces and

dges adopt values of approximately 230 k B T , and 26 k B T , respectively.

n practical terms, these values are still too high for conceivable nu-

leation. For instance, the exponential term in the nucleation rate ex-

ression, Eq. (1) , is 5.1·10 − 12 at grain boundary edges. In contrast, the

nergy gain in nucleation at grain boundary corners is high enough to

ompensate the energy expense of the newly formed precipitate/matrix

nterface. The close-up for heterogeneous nucleation sites in the right

mage of Fig. 2 shows that the nucleation energy is negative from the

eginning. Nucleation at grain boundary corners is, therefore, energet-

cally advantageous from the beginning and it occurs spontaneously

ithout any nucleation barrier below a characteristic temperature, in

ccordance with the experimental evidence presented later in Section 4 .

he outstanding role of grain boundary corners has also been empha-

ized, e.g. by Huang and Hillert [42] in an investigation of the austenite

o ferrite transformation in steel, where the authors observe that pro-

utectoid ferrite nucleation occurs almost exclusively on these hetero-

eneous nucleation sites and that it is practically absent elsewhere in

he microstructure. 

Fig. 3 displays the computed nucleation energy at grain boundary

orners for various temperatures in the vicinity of the 𝛽-Mg 2 Si solvus

528°C) when assuming a grain boundary energy value of 0.5 J/m 

2 .

ccording to this analysis, first conceivable nucleation of 𝛽-Mg 2 Si at

rain boundary corners should occur below roughly 510°C, where the

ucleation barrier is evaluated with 4 k B T, and the exponential term

dopts a value of around 1.8·10 − 2 . 

The method of evaluating the nucleation barrier in the presence of

eterogeneous nucleation site energies is sketched for the temperature

f 512°C in the close-up diagram of Fig. 3 . Up to a radius of roughly 0.4

m, the nucleation energy decreases. This indicates that formation of

 nucleus up to this size is energetically favorable in any instance and

ill occur spontaneously. A nucleus of this size contains approximately

en atoms. Above this size, the nucleation energy increases again and
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Fig. 3. Calculated nucleation energy, ΔG, for 𝛽-Mg2Si precipitation at grain boundary corners for various temperatures. 

Fig. 4. Calculated nucleation energy, G, for 𝛽-Mg2Si precipitation at grain 

boundary corners at 500 C for various values of the grain boundary energy, 

𝛾gb. 
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T

he minimum at around 0.4 nm and the maximum of the nucleation

nergy after the subsequent increase of nucleus size. The corresponding

uantity is denoted as “G 

∗ 
512 ” in Fig. 3 . At around 508°C and below, the

ucleation barrier vanishes completely. In this case, the gain of energy

ue to the removal of grain boundary area is always larger than the

nergy expense for the formation of new precipitate/ matrix interfacial

rea. Note that the shaded areas in Fig. 3 denote regions, which are

utside the validity limits of the models for the interface energy size

27] and diffuse interface effects [41] . The discontinuity in the curves

s also due to this limit. 

Fig. 4 shows the calculated grain boundary corner nucleation free

nergy at 500°C for different values of the grain boundary energy. When

sing a value, which is located at the lower end of the reported values,

.e., 0.35 J/m 

2 [ 38 , 43 ], the nucleation barrier is roughly 90 k B T , with

.45 J/m 

2 , it is close to 7 k B T . At a value of 0.5 J/m 

2 , which is a value

hat is on the higher end of reported values [40] , the nucleation barrier

anishes. 

Fig. 5 summarizes some relevant nucleation parameters for 𝛽-Mg 2 Si

recipitation, both for homogeneous nucleation (solid lines) and at het-

rogeneous sites, such as dislocations (dotted lines), grain boundary

aces (dashed lines), edges (dash-dotted lines) and corners (dash-dot-

otted lines). The left plot column shows calculated values for the crit-

cal nucleation energy, G 

∗ , the critical radius, r crit , and the steady-state

ucleation rate, J , Eq. (1) without the exponential term for the incu-

ation time, for a grain boundary energy of 𝛾𝑔𝑏 = 0 . 35 J/m 

2 . The right
5 
olumn shows the same quantities for a value of 0.5 J/m 

2 . The driving

orce for 𝛽-Mg 2 Si precipitation is shown in Fig. 6 . 

The top left plot in Fig. 5 displaying the normalized critical nucle-

tion energy, i.e., the nucleation barrier, indicates that heterogeneous

ite energies substantially reduce the effective barrier energy. The solid

ine shows that the barrier for homogeneous nucleation conditions re-

ains at rather high values even at temperatures as low as 300°C, where

he barrier is roughly 20 k B T . In contrast, at grain boundaries, the nucle-

tion barrier disappears below approximately 335°C, which is the tem-

erature where the energy expense in creating new precipitate/matrix

nterface is fully compensated by the energy gain accompanying the

emoval of grain boundary area. At grain boundary corners, this situa-

ion is encountered already at 450°C. When assuming a grain boundary

nergy of 𝛾𝑔𝑏 = 0 . 5 J/m 

2 (right plot column), similar predictions are ob-

ained, however, the transition temperatures, where barrier-less nucle-

tion occurs, are shifted to substantially higher values. 

The calculated critical nucleation energies in the top left plot shows

n interesting feature. The lines for nucleation at grain boundaries and

islocations cross over at approximately 390°C. This feature is caused

y the different geometries that are suggested by the removal of defect

olume, which is related to the square of the precipitate radius in the

ase of planar defects and two times the precipitate radius in the case

f linear defects. 

The two bottom plots in Fig. 5 display the steady-state nucleation

ates corresponding to the values of the critical nucleation energy. Af-

er an initial increase of the nucleation rate with decreasing temper-

ture, the values reach a maximum, which corresponds to the points

here all potential nucleation sites are occupied. The continuous de-

rease after reaching this peak value is due to decreasing diffusivities,

hich are incorporated in the atomic attachment rate, 𝛽∗ , in Eq. (1) .

urther details for calculation of nucleation rates are given, e.g., in ref.

25] . 

Finally, a parameter study for heterogeneous nucleation at disper-

oid and primary particles is performed in the present context, show-

ng limiting cases for 𝐾 𝑠 = 0 and hypothetical 𝐾 𝑠 = 1 . As mentioned

bove, these phases act as main nucleation sites in common aluminium

xxx alloys. The two parameters entering the simulation are the cal-

bration factor for the effective interface energy, 𝐾 𝑖 , and the calibra-

ion factor for the structural energy contribution, 𝐾 𝑠 . The latter quan-

ity is held constant with either 𝐾 𝑠 = 0 , which corresponds to the situa-

ion where the original and new interfacial areas have the same struc-

ural energy contribution or with 𝐾 𝑠 = 1 , which corresponds to the hy-

othetical situation where the originally incoherent dispersoid/matrix

nterface is replaced by a coherent dispersoid/precipitate interface

 Fig. 7 ) and the nucleation barrier is reduced by the term given in

able 1 . 
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Fig. 5. Calculated critical nucleation energy, G 

∗ , critical radius, rcrit, and steady-state nucleation rate, J, for 𝛽-Mg2Si precipitation as function of temperature for two 

values of the grain boundary energy, 𝛾𝑔𝑏 . Nucleation at grain boundary corners (dash-dot-dotted lines), edges (dash-dotted lines), faces (dashed lines), dislocations 

(dotted lines) and homogeneously (solid lines). 

 

t  

f  

t  

i  

i  

r  

v  

t  

f  

i  

e  

q  

a  

a  

f  

t  

t  

n  

e  
The reduction of the chemical contribution to the interface energy

hat is required to facilitate nucleation under conditions of low driving

orce is substantial, if the amount of structural energy contribution be-

ween old and new dispersoid/primary precipitate interface is the same

n the nucleation process. The left plot in Fig. 7 , representing the lim-

ting case where the structural energy contribution during nucleation

emains unchanged, indicates that the scaled nucleation barrier reaches

alues close to unity, i.e. substantial nucleation rates, only if the effec-

ive interface energy is reduced to roughly 15 % of the predicted inter-

ace energy value between matrix and precipitate. On the other hand,
6 
f an initially incoherent interface, comprising chemical and structural

nergies of the interface, were replaced by a coherent interface, the re-

uired reduction of the chemical contribution is predicted to be roughly

round 67 %. The simulation suggests that heterogeneous nucleation

t dispersoids/primary phases most likely involves both, contributions

rom the change of structural interface energy as well as a reduction of

he chemical contribution of the interface energy. How much the con-

ributions of the two mechanisms during epitaxial nucleation on the

ucleation barrier are, is not further elaborated here and remains to be

stimated for each nucleation case individually by an appropriate choice
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Fig. 6. Calculated chemical driving force for 𝛽-Mg2Si precipitation as a function 

of temperature. 
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or the parameters 𝐾 𝑖 and 𝐾 𝑠 . In the simulations shown subsequently,

he structural energy contributions, 𝐾 𝑠 for the B’ and 𝛽-Mg 2 Si precipi-

ates is chosen as 0.3 and 0.25, respectively. The parameters describing

he assumed reduction of interfacial energy between nucleus and pri-

ary precipitate, as 0.4 and 0.5, respectively. 

.5. Calculation of excess specific heat capacities 

The excess specific heat capacity Δ𝑐 𝑝 is a convenient thermodynamic

uantity for comparing computational simulation results with experi-

ental calorimetric data [14] . Δ𝑐 𝑝 represents the heat flow difference

f a sample �̇� 𝑠 and an inert reference with identical basic absolute heat

apacity �̇� 𝑟𝑒𝑓 divided by the sample mass, m p , and the cooling rate �̇� 

ith 

𝑐 𝑝 = 

�̇� 𝑠 − �̇� 𝑟𝑒𝑓 

𝑚 𝑝 �̇� 
(11)

The simulations deliver Calphad-based specific enthalpies, H s , that

re evaluated in the scope of the precipitation simulation during each

omputation increment. Consequently, one can directly use H s from the

imulations to obtain the expression for Δ𝑐 𝑝 as 

𝑐 𝑝 = 

𝑑 
(
𝐻 𝑠 − 𝐻 𝑟𝑒𝑓 

)
𝑑𝑇 

(12)

here 𝐻 𝑟𝑒𝑓 is the enthalpy of a reference alloy matrix phase, which has

he same composition as the reference sample in the DSC-measurement.
ig. 7. Energy barrier at 500°C for nucleation at dispersoid particle surfaces in depe

tructural energy contribution change during nucleation) and 𝐾 𝑠 = 1 (right plot, hyp

ne). The precipitate size and diffuse interface effects are accounted for in the simula

7 
he two expressions for Δ𝑐 𝑝 , Eqs. (11) and (12) , allow for a consistent

omparison between experiment and simulation. 

. Thermokinetic simulation 

The MatCalc software package [44] is used for the precipitation ki-

etics simulations in this study, with assessed CALPHAD descriptions

f Al-base matrix and precipitates [9] . For the simulations, the open

hermodynamic databases “mc_al.tdb ”, version 2.035, and the open dif-

usion database “mc_al.ddb ”, version 2.004 are used. Thermokinetic

imulations of precipitation during continuous cooling are performed

nd simulated excess c p values are compared with calorimetric data

rom various DSC cooling experiments. The primary experimental data

s adopted from Milkereit et al. [ 17 , 45 ], who performed DSC cooling

xperiments in AA6xxx alloys for various cooling rates combined with

icrostructural characterization of grain size and microanalysis of pre-

ipitated phases as well as their preferential heterogeneous nucleation

ites. 

.1. Input data for simulation 

The chemical composition of the alloy used in the experiments is

ummarized in . In the simulations, the ternary Al-Mg-Si system is con-

idered for the merit of easy interpretation. The trace elements Fe, Cu,

n, Cr, Zn and Ti form intermetallic compounds (dispersoids), which

re beneficial in controlling grain size but do not take part in the re-

ctions visible in the continuous cooling DSC experiments. They are ac-

ounted for in the simulations in an indirect way since they provide het-

rogeneous nucleation sites for the epitaxial nucleation of B’ precipitates

s well as for the 𝛽-Mg 2 Si-phase. The effective number densities of dis-

ersoids and primary phases are treated as calibration coefficients in the

resent simulation, due to insufficient experimental information. The

ispersoid distribution is practically not altered in the DSC test [ 46 , 47 ].

he same can also be assumed for primary phases, which act as nucle-

tion sites for 𝛽-Mg 2 Si-particles. Table 3 summarizes all input data and

arameters for simulation. 

In analogy to the experiments, the heat treatment [ 17 , 45 ] for the

imulations consists of a solution treatment at 540°C for 20 min, fol-

owed by cooling to room temperature with different cooling rates from

.00167 K/s up to 6.25 K/s. The experiments show that, during cool-

ng, the 𝛽-Mg 2 Si-phase forms at higher temperatures around 500-350°C,

hereas the B’-phase precipitates at intermediate temperatures between

50 and 200°C. The 𝛽-Mg 2 Si-phase mostly nucleates at coarse primary

hases. The B’-phase is consistently attached to Al(Cr,Mn,Fe)Si disper-

oids, which form during the homogenization heat treatment at tem-
ndence of the efficiency factor 𝐾 𝑖 for the limiting cases of 𝐾 𝑠 = 0 (left plot, no 

othetical case where an incoherent original interface is replaced by a coherent 

tion. 
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Table 3 

Input data for precipitation simulation. 

Input parameter Value Reference 

T crit 𝛽-Mg 2 Si phase 1950 K [41] 

T crit B’-Al 4 Mg 8 Si 7 phase 1520 K [41] 

Heterogeneous interface energy factors, 𝐾 𝐼 ∕ 𝐾 𝑠 , for B’-Al 4 Mg 8 Si 7 phase 0.4 / 0.3 This work 

Heterogeneous interface energy factors, 𝐾 𝐼 ∕ 𝐾 𝑠 , for 𝛽-Mg 2 Si phase 0.5 / 0.25 This work 

Number density of dispersoids for epitaxial nucleation 2 . 10 19 [1] 

Number density of primary phases for epitaxial nucleation 1 . 10 15 This work 
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Fig. 8. Comparison of experimental data and simulation - the solid lines repre- 

sent simulation results and symbols denote experimental DSC data. 

Fig. 9. Evolution of Mg-Si-phase radii depending on cooling rate. 
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e

 

c  
eratures above around 350°C [48] . Since the final distribution of dis-

ersoids becomes stationary during the solution heat treatment before

ontinuous cooling, a constant number of dispersoids is deemed to pre-

ail during the DSC experiments, thus supporting the assumption of a

onstant number of potential nucleation sites for the B’-phase in the

imulations. It is further assumed that the B’-phase nucleates epitaxi-

lly at the dispersoid surfaces because of a reduction of heterogeneous

nterface energy and/or replacement of incoherent interfacial area by

oherent/semi-coherent interfaces compared to homogeneous nucle-

tion in the bulk. In the simulation, this effect is accounted for by a

ecrease of the overall effective interface energy with a factor 0.4 and

 structural contribution with k s = 0.3 (see also previous discussion of

ig. 7 ). Since there exists no reliable experimental data on the num-

er density of dispersoids, the density is only estimated for the given

lloy composition based on a work of Strobel et al. [1] . Also a depen-

ence of dispersoid particle density on chemical composition of the alloy

s reported [23] . Similar assumptions are made for the 𝛽-Mg 2 Si-phase,

here values of 𝐾 𝑖 = 0 . 5 and 𝐾 𝑠 = 0 . 25 are used. Moreover, of cause the

articularly applied homogenization treatment at which the dispersoids

ormed might influence on the dispersoids particle density [23] . 

The regular solution critical temperatures, T crit , for the B’-Al 4 Mg 8 Si 7 
nd 𝛽-Mg 2 Si-phases in the diffuse-interface model [41] , are summarized

n are Table 3 . They are evaluated in accordance with the procedure

utlined in ref. [25] . 

.2. Analysis of peak temperature and area below the curves 

Numerous methods are reported to properly evaluate the area under

 DSC curve, see, e.g. Milkereit [45] . The total heat generation during an

xothermic phase transformation can be extracted by methods, such as

fitting the curve with Gauss-functions ” or “stepwise peak integration ”.

ach of these methods is characterized by certain advantages and disad-

antages. In the present study, “stepwise peak integration ” as presented

n Fig. 2 of [19] is used for the calculation of peak areas, where the area

nder the DSC-curves correlates to the intensity of the reaction or the

olume fraction of precipitated phases. Furthermore, from analysis of

eak temperatures of excess c p , information on the nucleation behavior

f phases can be extracted. 

. Results 

Fig. 8 shows the comparison of thermokinetic simulations with the

xperimental data for cooling rates from 0.00167 to 1.67 K/s obtained

rom the continuous cooling DSC experiments for the AA6005A alloy.

ccording to Milkereit [17] , the first peak at higher temperatures is as-

ociated with the precipitation of 𝛽-Mg 2 Si-phase and the second peak at

ower temperatures with the precipitation of B’- Al 4 Mg 8 Si 7 phase. The

-Mg 2 Si-phase peak marks the dominant reaction at slow (0.00167 –

.0167 K/s) cooling rates. It disappears gradually with increasing cool-

ng rates and the peak temperature is slightly shifted to lower tempera-

ures. In contrast, the B’- Al 4 Mg 8 Si 7 phase reaction first intensifies with

ncreasing (0.0167 – 0.5 K/s) cooling rates and is shifted to higher tem-

eratures. This shift appears simultaneously to the fading (i.e., gradual

inetic suppression) of the 𝛽-Mg 2 Si phase precipitation. During cooling

t 1.67 K/s precipitation of 𝛽-Mg Si seems to be fully suppressed while
2 

8 
t the highest cooling rate of 6.25 K/s, no precipitation reaction occurs

nymore. Table 4 provides detailed information about peak tempera-

ures excess c p and the reaction intensity in the form of the integrated

eak areas comparing experimental and simulated curves. In compari-

on to experimental data, simulation shows no peak overlapping. There-

ore, integration limits are automatically determined by the intensity

ignal, which drops to zero between the first and the second reaction.

or each cooling rate, the deviation in peak temperatures and area is

iven via a temperature difference or percentage value referring to the

xperimental data as reference. 

To get the connection between the simulations of excess c p and pre-

ipitate evolution, Figs. 9 and 10 give a detailed view on the develop-
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Table 4 

Detailed comparison of peak temperatures and peak area – identical simulation parameter set for all cooling rates. 

𝛽-Mg 2 Si phase B‘-Al 4 Mg 8 Si 7 phase 

Cooling rate [K/s] temperature [C] peak area [%] temperature [C] peak area [%] 

exp sim ΔT exp Sim ΔT 

0.00167 468 470 2 98 250 264 14 170 

0.005 459 466 7 105 273 267 6 58 

0.0167 444 458 14 126 294 301 7 121 

0.167 391 470 79 89 345 354 9 85 

0.5 - - - - 343 344 1 71 

1.67 - - - - 340 338 2 36 

Fig. 10. Evolution of Mg-Si-phase number density depending on cooling rate. 
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ent of mean precipitate radius as well as number density depending

n cooling rate. The arrows in the figures indicate the evolution of mean

adius and number density from slow (0.00167 K/s) to high (1.67 K/s)

ooling rates. 𝛽-Mg 2 Si phase shows a reduction of mean radius with

igher cooling rates due to the reduced time that is available for pre-

ipitate growth. In comparison, the mean radius of B’-Al 4 Mg 8 Si 7 phase

ncreases with cooling rates, attributable to the higher amount of solutes

vailable to form the precipitates. Fig. 10 shows that soon after the on-

et of nucleation, practically all preferred heterogeneous nucleation sites

re occupied, and nucleation is stopped (nucleation site saturation). It

s also evident that the nucleation start temperature of B’-Al 4 Mg 8 Si 7 is

hifted to higher temperatures with higher cooling rates. Nucleation of

-Mg 2 Si phase occurs in a narrow temperature window of 10 K. In ad-

ition, experimental data show a sharp increase in excess specific heat

apacity, which indicates a simultaneous nucleation of the 𝛽-Mg 2 Si pre-

ipitates, which is in good accordance with the simulation trends. 

It is emphasized that all simulations are performed with a single

dentical set of input parameters for all cooling rates. When analyz-

ng the correlation between experiments and simulation results for the

alculations for all cooling rates, the accordance is exceptionally good.

egarding the peak temperatures, experimental and simulation values

re in excellent agreement, with a maximum deviation of 14 K (3.5

). The only (possible) outlier is identified for the 𝛽- Mg 2 Si peak at

 cooling rate of 0.167 K/s, where the difference between measured

nd calculated peak value is larger than 70 K. However, the experimen-

al peak is characterized by rather low intensity of the 𝛽-Mg 2 Si phase

recipitation signal, and no distinct peak associated to the 𝛽-Mg 2 Si reac-

ion is visible. Instead, a smooth transition to the precipitation reaction

f the B’-Al 4 Mg 8 Si 7 phase is observed, making a precise evaluation of

he peak temperature for experimental data challenging. A reproduc-

ion of the experimental 𝛽-Mg 2 Si phase precipitation peak for this cool-

ng rate cannot be improved without deteriorating the good agreement

t other cooling rates. In the simulation, the calculated peak area for

he 𝛽-Mg 2 Si phase is narrower and higher as compared to experiments.

his is attributed to experimental conditions, where material in homo-

eneities provide heterogeneous nucleation sites with a variety of en-
9 
rgies, whereas the simulations are performed for idealized nucleation

ites with only one single value for heterogeneous nucleation site en-

rgies. Comparisons with other aluminium based alloys are subject of

ngoing work. For this, additional effects in thermo-kinetic simulation

ust be considered like the influence of cooling rate on morphology

haracteristics of certain phases [20] . 

. Summary 

In the present work, an extended formulation for the nucleation

nergy in the presence of heterogeneous nucleation sites is developed

nd applied to the prediction of DSC curves during continuous cooling

xperiments. The present model accounts for nucleation conditions at

islocations as well as grain boundary faces, edges, and corners. Het-

rogeneous, epitaxial nucleation on particles is accounted for with two

alibration factors for the effective overall interface energy reduction

s well as the (partial) substitution of incoherent interfacial area by

oherent/semi-coherent one. It is demonstrated that the experimentally

bserved precipitation kinetics is well described if the energy gain ac-

ompanying the heterogeneous nucleation event is properly considered

hile the simulation entirely fails if the impact of heterogeneous sites

s neglected. 
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