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ARTICLE INFO ABSTRACT

Keywords: The present work describes a systematic approach to improve mean-field simulations of dissolution and pre-
Aluminium alloys cipitation of precipitates from the late stages in the precipitation sequence in AIMgSiCu alloys for processing
EISEE:(RD simulations. In addition to metastable precipitates, it considers the evolution of two populations (coarse and fine)

of the thermodynamically stable phases in EN AW-6061 and EN AW-6016, 3-Mg-Si and Si respectively. The setup
is based on two previous publications using heterogeneous nucleation site energies and their distribution. The
simulations are calibrated using data from continuous cooling and heating experiments obtained with differential
scanning calorimetry (DSC) and high-energy X-ray diffraction (HEXRD). We show that mean-field simulations
combined with DSC and HEXRD can provide valuable information to eliminate uncertainties related to, for
instance, the thermodynamic description of metastable precipitates. The method described in this paper also
delivers very reasonable results for the evolution of the individual phase fractions. It potentially facilitates the
assessment of the influence of different types of nucleation sites and their densities.

Precipitation kinetics
Mean-field modelling

1. Introduction questions regarding nucleation mechanisms and the proper setup of

consistent kinetic mean-field simulations for aluminum alloys.

The complexity of the earliest structures in 6xxx series alloys and
their relevance to the mechanical properties make the initial stages of
the precipitation sequence the major focus of many present research
activities [1-4]. Consequently, it is not surprising that the overaged
conditions involving thermodynamically more stable precipitates (e.g.
B-MgsSi, Si, Q, p’,...), have recently received comparatively less atten-
tion. At the same time, these precipitates typically dominate the
microstructure evolution during processing until the solutionizing step,
and any attempt at a comprehensive processing simulation needs to take
them into account. Furthermore, a closer look at these seemingly more
straightforward stages in the precipitation sequence leaves some open
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In a recent publication, Hennum et al [5] experimentally showed
that technical (with Fe and Mn) and pure alloys behave very similarly
with respect to the precipitation of $-MgySi during cooling after ho-
mogenization, in agreement with previous DSC studies [6]. The
observed indifference to the presence of Fe and Mn is somewhat sur-
prising given that the preferred nucleation sites for p-MgsSi in technical
alloys are Fe- and Mn-containing insoluble intermetallics [6,7], which
are absent in pure laboratory alloys. In the context of heating experi-
ments, the situation is further complicated because the dissolution re-
action of metastable phases overlaps with the formation of stable
B-MgoSi precipitates [7,8].
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In contrast, the nucleation of metastable precipitates during cooling
appears to be very much affected by the presence of these insoluble
intermetallics, more specifically, dispersoids [6,9-11]. This leads to a
noticeable difference in the precipitation reaction of metastable phases,
as measured in DSC cooling experiments, when comparing pure and
technical alloys [6].

Another interesting phenomenon is the precipitation of pure Si.
During continuous cooling of binary Al-Si alloys, pure Si forms with
various shapes over a wide range of temperatures, resulting in a broad
and smooth precipitation peak in DSC cooling measurements [12,13].
While, e.g., grain boundaries are known to be important nucleation sites
for pure Si precipitates [14], the majority of these are found within the
grains [12,13], presumably at various other heterogeneous nucleation
sites (dislocation jogs, subgrain boundaries, etc.). For quickly quenched
and highly supersaturated Al-Si alloys, heterogeneous nucleation of Si
precipitates from Si clusters has also been discussed in the literature [15,
16].

The inconclusive experimental evidence regarding the preference of
different nucleation sites over one another is difficult to address
computationally. In the context of mean-field models for solid-state
precipitation, classical nucleation theory (CNT) is the most commonly
used approach to describe nucleation [17-19]. It has previously proven
to be useful for over-aging simulations of Al-Mg-Si alloys [20]. However,
the parameterization of CNT for reasonable descriptions of nucleation
barriers, rates, and number densities can be challenging. It commonly
requires experimental data for calibration, struggles to correctly capture
chemistry variations and the thermodynamic descriptions for meta-
stable precipitates can be an additional bottleneck for the reliability of
mean-field simulation setups outside verified confidence intervals.

At the same time, mean-field models are computationally fast and
useful tools, provided their limits are acknowledged and the results are
critically assessed. Hence, while a truly predictive setup without the
necessity of any major fitting parameters remains currently unavailable,
the present work proposes a practicable and useful concept for process
simulations that includes metastable and stable phases in the late stages
of the precipitation sequence.

Furthermore, the approach is to a large extent based on DSC and
HEXRD data. DSC is a common tool to study precipitation kinetics, but
the superposition of single reactions complicates the interpretation
severely [6]. The combination of methods outlined herein allows us to
deconvolute this superposition of the reactions belonging to the later
stages of the precipitation sequence in the investigated alloys. Thus, it
improves our current understanding of the rather complex DSC signals
and facilitates further model development.

2. Experimental procedure

The two alloys considered in the present work are EN AW-6061 and
EN AW-6016 - they are labelled 6061 and 6016 from this point onwards;
the compositions are given in Table 1. The ,ideal“ composition with
reduced Si content is employed for the simulations because some of the
Si is incorporated into thermally stable Fe- and Mn-containing phases,
which do not contribute to the DSC signal in the present analysis and are,
therefore, omitted. To estimate the reduction in Si we use the compo-
sitions of the common intermetallic phases in Table 3. For 6061 we
assume all Fe, Mn, and Cr is bound in a-AlFeMnCrSi with a (Fe+Mn+Cr):
Si ratio of 4:2, resulting in a rounded loss of 0.2 mass percent Si (0.185
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atom percent). For 6016 we assume almost all Fe is bound in p-AlFeSi
with an Fe:Si ratio of 1:1 while Mn and Cr are bound in a-AlFeMnCrSi,
leading to a rounded loss of 0.15 mass percent (0.13 atom percent).

Cooling and heating differential scanning calorimetry (DSC) mea-
surements are carried out in a Mettler Toledo DSC 3 device using cy-
lindrical samples with a diameter of 5 mm. The excess specific heat
capacity resulting from the different precipitation and dissolution re-
actions is obtained using a baseline correction on the measured heat-
flow curve. First, the heat flow signal of a pure Al reference sample is
subtracted. Then, using the reaction-free parts of the curve at low and
high temperatures as supporting points, a 3rd order polynomial fit is
applied by default and subtracted whereas special attention must paid to
the curvature and the critical points of the polynomial. With the
exception of the interrupted cooling tests, each experiment is repeated
two times with pure Al measurements in between, and the results are
averaged to improve reliability. The final corrected curves are used for
all further evaluations. For more details on the evaluation of DSC data,
see e.g [6]. The viability and choice of the reaction-free sections require
careful consideration of a wide range of DSC data and strongly depend
on the alloy, the type of DSC experiment (cooling or heating) as well as
the rates considered. Regarding the alloys and cooling/heating rates
herein, the lower reaction-free range may be selected as, e.g., 25-150 °C.
For the upper reaction-free interval in the present work, one may choose
the largest possible range well above the solvus temperature of the stable
phases for the cooling experiments. For the slower heating experiments
shown in this work, this is also possible, albeit the width of said interval
becomes smaller. For alloys with increasing Fe and Mn contents (e.g.,
0.4 and 0.7 wt%), there can be a measurable contribution of dispersoid
dissolution to the DSC signal in the high-temperature “reaction-free”
range, appearing as an additional tilt in the baseline, so that the sub-
traction of a polynomial may no longer be justified [21]. For the present
work, we focus only on the Al-Mg-Si-Cu phases, and the investigated
alloys have substantially lower transition metal contents; hence, we
assume this can be neglected. Lastly, for fast heating experiments, the
definition of a reaction-free range may not be possible if the dissolution
reaction extends all the way to the final temperature of the
measurement.

The in-situ high-energy X-ray diffraction (HEXRD) experiments are
conducted with cylindrical samples of 5 mm in diameter and 10 mm in
length using the modified Baehr 805 A/D dilatometer at the high-energy
materials science (HEMS) beamline P07 at PETRA III [22], which is
partly operated by the Helmholtz-Zentrum Hereon. The wavelength
used is 0.014235 nm with a beam cross-section of 0.5 x 0.5 mm?; the
samples are measured in transmission.

2.1. Concept

The investigations can be divided into three main parts. All samples
are initially solutionized for 20 min at 560 °C. The first part consists of
three continuous cooling DSC measurements at 0.0167, 0.03, and 0.167
K/s (1, 1.8, and 10 K/min). Each of these differently cooled states is then
re-heated at 0.03 K/s, leading to six DSC curves per alloy. The DSC data
on 6061 used in this part have been previously published by Falkinger et
al [23]. The choice of cooling rates aims to include one rate where the
stable precipitation reaction is prevalent (0.0167 K/s), one where the
metastable reaction is prevalent (0.167 K/s), and one intermediate rate
to capture the transition (0.03 K/s).

Table 1

Actual and idealized chemical compositions of alloys 6061 and 6016 in mass (atom) percent - balance is Al
Alloy Mg Si Cu Fe Mn Cr
6061 0.9 (1.0) 0.7 (0.68) 0.15 (0.06) 0.45 (0.22) 0.1 (0.05) 0.2 (0.1)
6061 ideal 0.9 (1.0) 0.5 (0.48) 0.15 (0.04) - - -
6016 0.35 (0.39) 1.1 (1.06) 0.1 (0.04) 0.15 (0.07) 0.1 (0.05) 0.1 (0.05)
6016 ideal 0.35 (0.39) 0.95 (0.91) 0.1 (0.04) - - -
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The second part includes a continuous cooling experiment at 0.167
K/s with subsequent heating at 0.05 K/s (3 K/min). The precipitate
evolution is characterized with HEXRD. Complementary DSC measure-
ments of the same samples are conducted afterward. The procedure
outlined in a previous publication [8] is applied to evaluate the HEXRD
data. The evolution of individual peaks, i.e., phases, is tracked as a
function of time and temperature to compare them to DSC measure-
ments and their corresponding simulations. Together with the DSC data,
the present cooling and heating simulations serve as the primary con-
sistency check for absolute values of phase fractions and the contribu-
tions of individual phases to the excess specific heat capacity. This is a
key difference to reference [8], where only cooling simulations were
available, and the contributions of individual phases to the heating DSC
signal had to be reverse-engineered from the HEXRD data using cali-
brated conversion constants. In the present work, we use simulations to
access the individual contributions of the precipitates to the excess
specific heat for both cooling and heating experiments. The simulated
derivatives of the phase fractions are then qualitatively compared to the
scaled derivatives of the respective peak areas to assess if the evolution
of each precipitate during cooling and heating is qualitatively correct.

Based on the first two parts, mean-field simulations are set up and
optimized to best reproduce all data with only one simulation setup for
each alloy.

The third part includes continuous cooling experiments on 6061 at
0.167 K/s, which are interrupted by a soaking step at 500 °C for different
times. The idea is to vary the size and the fractions of different pop-
ulations of p-MgsSi precipitates. To study the effect of the soaking time,
the DSC dissolution signal during subsequent re-heating at 0.03 K/s is
analyzed.

Table 2 provides an overview of the various heat treatments and
samples used in the three parts of the experimental work.

2.2. Simulation setup
All simulations are performed using the thermo-kinetic software

Table 2
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package MatCalc (version 6.05.0108, see https://www.matcalc.at). The
two primary aspects of the simulations in the present work are (i) the
nucleation setup (in particular, the definition of potential nucleation
sites and their energy contributions), as well as (ii) the thermodynamic
stability of each relevant phase.

For the nucleation step, we utilize the heterogeneous nucleation site
energy descriptions developed by Miesenberger et al [24] and their
distribution, as reported by Kahlenberg et al [25]. It is presently not
feasible to unambiguously identify the prevalent nucleation sites and
their energy benefit for each specific phase and alloy composition. For
simplicity and convenience, the model is calibrated for nucleation at
second-phase particles for all precipitates. The densities of different
nucleation sites and their respective reduction of the nucleation barrier
are adjusted based on the DSC experiments. The model parameters used
are given in Appendix B. In contrast to previous publications [8,23-25],
an additional precipitate population for the stable phases (3-Mg»Si and
Si) is introduced. It represents the population that nucleates at lower
temperatures, i.e., at less favorable nucleation sites, but under higher
chemical driving force conditions. Thermodynamic phase descriptions
were slightly modified, as compared to their original assessment [26].
For a more accurate description of our experiments, we decrease the
stabilities of p-Mg»Si and p’-Mg; gSi. For consistency with prior enthalpy
measurements and according to the thermodynamic assessment, we
adapt the stability of f-Mg,Si by changing the entropy-related term of
the modeling description to 444.4*T instead of originally 440.4*T [26].
This leads to a standard molar entropy change of 1.3 J/molK. In the case
of f#, we change the original description —68,000+400*T to —59,
200+393*T, bringing the enthalpy closer to the most recent
first-principles data (12,250 J/mol [27]). These changes amount to a
difference in Gibbs energy of AGg,lg:si (f) = +397.5J/(mol) and
AG?/Ig:Si (f) = +2396.6J/mol at room temperature, respectively.
Further, one binary interaction parameter for Al and Si was modified as
well: AzLj‘\‘fSi = + 800J/mol. These updates are implemented in the
current open-licensed version of the Al-database, mc_al v2.037.

Overview of experimental investigations conducted and/or utilized in the present work. Initial conditions HR and CR denote hot-rolled and cold-rolled materials,
respectively. Before each cooling experiment, the samples were solution heat-treated at 560 °C for 20 min (SHT).

Part Heat treatment 6061 6016 DSC HEXRD Condition/Product Reference

I SHT+Cooling: Yes Yes Yes No 6061: HR/Plate 6061: [14]
0.0167, 0.03, 0.167 K/s 6016: HR/Plate 6016: present work
Heating to 560 °C:
0.03 K/s

I SHT+Cooling: 0.167 K/s Yes Yes Yes Yes 6061: HR/Plate present work
Heating to 560 °C: 0.05 K/s 6016: CR/Sheet present work

I SHT+Cooling: 0.167 K/s Yes No Yes No 6061: HR/Plate present work

Stop at 500 °C: 0, 27, 81 min
Heating to 560 °C: 0.03 K/s

Table 3
Phases and crystal structures used for peak identification in the present work.
Phase name Composition Space Group Unit cell References
Q/Q’ Probably Al3Cu,MgoSiy P-6 a,b =1.039 nm [32,34-40]
¢ = 0.402 nm
B’ or “Type-C” probably AlsMgoSi; Hexagonal a,b = 1.04 nm [32,33,35,41,42]
¢ = 0.402 nm
p MgoSis P 63/m ab = 0.715 nm [43-45]
¢=1.215nm
B Mg,Si Fm-3m a = 0.639 nm [44,46]
Si Si Ta-3 a = 0.6636 [47]
«-AlCrFeMnSi approx. Im -3 a = 1.253 nm [46,48,49]
Al;5(Fe,Mn)3Si,, Al;9Fe4MnSi,
B-AlFeSi AlgFe,Siy A2/a a=0,6161 nm [50]
b= 0,6175 nm
¢ =2,0813 nm
«, y = 90.0°

B =90.42°
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3. Results
3.1. Peak assignment

To evaluate the microstructural evolution during in-situ heating
from HEXRD data, the relevant phases are first identified. The crystal
structures considered are found in Table 3. Then, the peaks in the
diffraction patterns are assigned to the different phases in the system.
This is done by using the software packages CrystalMaker [28], Crys-
talDiffract [29] and Highscore Plus [30]. Note that Q’ typically refers to
a precursor or coherent version of the Q phase [31]. Both have been
reported with varying chemical compositions in the literature (see, e.g.,
[31]), but are structurally very similar. They are, therefore, not distin-
guished in the present work. The B’ (or “Type-C”) phase has been
described as a Cu-free variation of Q/Q’ with vacancies replacing Cu
atoms [32], typically occurring in Cu-free excess Si alloys [33]. It is only
listed for completeness, given that both alloys should contain sufficient
amounts of Cu to suppress this variant in the present case.

In Figs. 1 and 2, the relevant sections of the diffractograms for 6061
and 6016 in the initial condition before solutionizing are shown. Note
that the beam is not perfectly monochromatic, leading to additional
peaks from the aluminum matrix at half the angle. For 6061, the peaks
and identified phases correspond very well to what is expected from the
literature. Regarding soluble precipitates, Q/Q’, as well as §’ and
B-MgsSi are identified. For 6016, the main stable precipitate is pure Si.
B-Mg2Si and Q/Q’ are also present, albeit in much lower amounts. The
missing p-AlFeSi peak at roughly 26 = 1.57 ° may be related to texture,
that is, primary p-AlFeSi precipitates preferably aligning along certain
crystal directions during rolling. Since we are predominantly interested
in the soluble phases, this is of minor relevance.

For the soluble phases, texture can be an issue when evaluating peak
intensities of plate or sheet products [51]. Even though the cold-rolled
material typically recrystallizes during the initial solutionizing step,
some preferred orientations are expected to remain for the aluminum
matrix as well as the soluble phases [51]. For the present work, absolute
peak areas are not required but only derivatives, i.e., changes over
temperature. These are assumed to be consistent since cooling and
heating are conducted in direct succession with the same sample and
orientation.

4. Results for alloy 6061
4.1. 6061: DSC experiments

The experimental and simulated excess specific heat capacity during

300 = == g-AlFeMnSi
----- B-AlFeSi

';:‘ 200
S,
2 AL
2 BurtQ/Qun
£ 100 i

50

T A LA A
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cooling of 6061 at 0.0167, 0.03, and 0.167 K/s (left to right) is shown in
the upper row of Fig. 3. The bottom row shows the contributions of each
specific precipitate in the simulation. The corresponding radii, phase
fractions, and number densities can be found in Fig. 11 in Appendix A.
Expectedly, faster cooling rates promote the formation of Q/Q’ and p’,
whereas the stable -MgsSi phase (denoted f§ from here on) is increas-
ingly relevant at lower cooling rates. For the cooling simulations, the
fine population of p does not play any significant role. This is a major
reason why cooling simulations typically work very well using just one
coarse population [23-25]. At 0.0167 and 0.167 K/s, the simulations are
in excellent agreement with the experimental data. Considering that we
follow a rather pragmatic way to treat nucleation by defining sets of
nucleation sites with fixed number densities that more or less fully
nucleate during cooling, a few deviations can be expected, for instance,
for the reaction of Q/Q’ between 320 and 420 °C at 0.03 K/s. This will be
discussed in more detail later on.

Fig. 4 shows the influence of different cooling rates on subsequent re-
heating at a rate of 0.03 K/s. The corresponding radii, phase fractions,
and number densities can be found in Fig. 12 in Appendix A. The sample
that was previously cooled at the fastest rate of 0.167 K/s (right column)
exhibits a strong growth reaction for metastable precipitates during re-
heating at around 300 °C. The p reaction is dominated by the fine pre-
cipitate population. The samples cooled at the slower rates of 0.03 K/s
(center column), and 0.0167 K/s (left column) exhibit weaker growth of
metastable precipitates. The § dissolution signal changes in shape as the
coarse population increasingly contributes to the dissolution reaction.

Fig. 5 summarizes the effect of different heating rates for samples
that were previously cooled at 0.03 K/s. Expectedly, the point of full
solutionizing is shifted to higher temperatures as the heating rate in-
creases from 0.0167 to 0.03 and 0.167 K/s (left, center, and right col-
umn), respectively.

The comparison of the different heating simulations in Figs. 4 and 5
with the results by Falkinger et al [23] reveals a significant improvement
with regard to the simulated dissolution kinetics of the p phase. In their
work [23], only a single population of § was considered without any
precursors, which resulted in an overestimation of the rate-specific
solvus temperature. This effect is most significant for (i) heating of
quickly cooled states and (ii) fast heating processes (compare right
columns in Figs. 4 and 5 with results in [23]).

It is evident that the heating simulation peaks are not quite as smooth
as the experimentally measured data. In particular, the precipitation
reaction of Q/Q’ is slightly overestimated in some cases. However, the
qualitative changes in the DSC curves are well reproduced.
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Fig. 1. Section of the diffractogram of 6061 in the initial condition before solutionizing (hot-rolled and slowly cooled). The intensity is scaled logarithmically; the
peaks are assigned based on the crystal structure data in Table 3. The most relevant phases for the evaluation in the present work are Q/Q’/B’, #’, and p-Mg,Si, which

are highlighted in color.
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Fig. 2. Section of the diffractogram of 6016 in the initial condition before solutionizing (soft annealed and cold-rolled). The intensity is scaled logarithmically; the
peaks are assigned based on the crystal structure data in Table 3. The most relevant phases for the evaluation in the present work are Q/Q’, p-Mg,Si, and pure Si,
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Fig. 3. Comparison of cooling DSC experiments from [23] to simulations using the setup in the present work for hot-rolled plates of 6061. The top row shows the
data for the excess specific heat capacity as measured and simulated for cooling rates of 0.0167, 0.03, and 0.167 K/s (from left to right). The bottom row shows the
individual contributions of all precipitates considered for the simulation. Corresponding radii, phase fractions, and number densities can be found in Fig. 11 in

Appendix A.

4.2. 6061: HEXRD comparison

Fig. 6 shows the summarized results for the samples measured with
both DSC and HEXRD. The DSC data are compared to the simulations for
cooling at 0.167 K/s and subsequent re-heating at 0.05 K/s in the top left
and right, respectively. In the lower part, the contributions to the excess
specific heat of each simulated phase (colored lines) are compared to the
respective scaled first derivative of the peak areas dA/dT obtained from
the HEXRD experiments (colored dots/crosses).

During cooling, only a small amount of stable f seems to form, with a
minor contribution to the DSC signal, apparently between 500 and 400
°C according to the DSC measurement. However, the corresponding
HEXRD signal shows the  phase formation to occur continuously be-
tween 500 and 300 °C (bottom left, red dots). Upon comparison with the
simulated f signal (bottom left, red line), it is clear that the addition of
fine B precipitates constitutes an improvement in the quality of the
simulation. The exothermic reaction between about 400 and 250 °C,
predominantly related to metastable phases, is an overlap of §’ and Q/

Q’, which are well described using a single precipitate population.

The DSC and the HEXRD data during heating are equally well
reproduced with the present simulation setup. The formation reactions
of p* and Q/Q’ during heating are again slightly overestimated, which
will be addressed in the discussion.

4.3. 6061: interrupted cooling

To explore the applicability of the present setup to discontinuous
cooling strategies, a series of DSC cooling experiments from 560 °C to RT
is conducted at 0.167 K/s, but the cooling process is interrupted with a
soaking step at 500 °C for different time spans. The expectation is that a
coarse population of p precipitates forms at this temperature, whose
phase fraction and mean size increase with interruption time [6]. The
samples are then re-heated at 0.03 K/s to study the effect of the inter-
ruption time on the dissolution signal of § and compare the results to the
predictions of the simulations. Fig. 7 shows a detailed view of the
temperature interval in which p dissolves. It is clear that with increasing
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Fig. 5. Comparison of heating DSC experiments from [23] to simulations using the setup in the present work for hot-rolled plates of 6061. The top row shows the
data for the excess specific heat capacity as measured and simulated for heating rates of 0.0167, 0.03, and 0.167 K/s (from left to right). The initial condition for all
three experiments was cooled at 0.03 K/s. The bottom row shows the individual contributions of all precipitates considered for the simulation.

isothermal interruption times (left to right), the amount of coarse f in-
creases, and the dissolution signal is continuously separated into two
distinct peaks. At the same time, the temperature at which § is fully
dissolved shifts to higher values. Both effects are well reproduced by the
present simulation setup.

5. Results for alloy 6016
5.1. 6016: DSC experiments

The experimental and simulated excess specific heat capacity during
cooling of 6016 at 0.0167, 0.03, and 0.167 K/s (left to right) is shown in

the upper row of Fig. 8. The bottom row shows the individual contri-
butions of each considered precipitate. The corresponding radii, phase

fractions, and number densities can be found in Fig. 13 in Appendix A.
Similarly to 6061, faster cooling rates lead to the precipitation of Q/Q’,
whereas stable Si and p dominate at lower cooling rates, in excellent
agreement with experimental data.

Fig. 9 shows the influence of the initial condition on the heating DSC
measurement at a rate of 0.03 K/s. The corresponding radii, phase
fractions, and number densities can be found in Fig. 14 in Appendix A.
Similar to 6061, the sample cooled at 0.167 K/s (right column) shows a
strong growth reaction at around 300 °C. In contrast to 6061, this re-
action in 6016 is mostly related to a large number of fine Si precipitates.
The exothermic Q/Q’ contribution occurs in the same temperature
range. The samples cooled at 0.03 K/s (center column) and 0.0167 K/s
(left column) exhibit a slightly weaker growth reaction of fine Si.
Comparing the simulated and experimentally measured dissolution
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reactions, it is evident that the choice of two Si populations facilitates
the observed spread of Si precipitates across different sizes, which is also
observed in binary Al-Si alloys [12]. In comparison to 6061, only minor
deviations of the simulations from the experimental DSC data are
observed.

5.2. 6016: HEXRD comparison

Fig. 10 summarizes the results for the samples measured with both

DSC and HEXRD for cooling at 0.167 K/s and re-heating at 0.05 K/s in
the top left and right, respectively. The scaled first derivative of the peak
area dA/dT for each measured phase (colored dots) and the respective
contributions to the simulated excess specific heat (colored lines) are
given in the bottom left and right of Fig. 10. For reasons of availability,
the sample used in these experiments is taken from a cold-rolled and
solutionized sheet instead of a hot-rolled and solutionized plate,
resulting in a clear difference concerning the Si reaction during cooling
at 0.167 K/s (compare Fig. 8 top left to Fig. 10 top left). Given that Si is
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known to nucleate at grain boundaries where it grows at an accelerated
rate [14] and the grain structures of these two materials should be
substantially different, this discrepancy is plausible. Note that the dif-
ference is not nearly as clear in the DSC signal during heating at 0.05
K/s, but only shows up when comparing the simulation with the HEXRD
signal (Fig. 10, bottom right). Apart from the additional Si precipitation
during cooling, the simulations agree well with the DSC and HEXRD
data. The p phase is only shown for the heating experiment, as there was
no measurable HEXRD signal during cooling due to the negligibly small
phase fraction.

6. Discussion
6.1. Smoothness of simulated and experimental DSC curves

Firstly, it is important to realize that Numerical Kampmann-Wagner
(NKW) approaches based on CALPHAD databases, such as the one used
in the present work, usually assume identical nucleation and growth/
dissolution conditions for each precipitate population. Precipitates of
one phase are assumed to have identical nucleation conditions and
chemistry, and the surrounding matrix composition is also the same for
every precipitate. This certainly oversimplifies the real microstructure in
which off-stoichiometric precipitates, as well as other heterogeneities,
affect the local chemical and diffusional environment. Spatial differ-
ences may include, for instance, segregation and localized changes in
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defect densities (e.g., grain boundaries or 2nd phase particles). We argue
that the combination of these variations eventually leads to a much
smoother DSC signal in experiments.

Concerning variations in the nucleation behavior, the previously
published distribution of heterogeneous nucleation site energies [25]
that is also used in the present work offers some correction, especially
for cooling simulations. Details on the nucleation setup will be discussed
in the next chapter.

However, it is apparent that the simulated dissolution reactions
during heating still tend to be sharper than the experimental data in
some cases (see Fig. 4, Fig. 5) - the same effect has also been observed in
earlier works [26,52]. Considering the aforementioned points, the
reduced smoothness should be most pronounced for metastable phases
with broad composition ranges, for which alloy-dependent thermody-
namics and compositions are more challenging to assess. Fittingly, the
differences between simulations and experiment are largest in the lower
temperature range (see Fig. 4, Fig. 5), where ’ and Q/Q’ are prevalent.
Especially the Q/Q’ phase and its Cu-free variation B’ (or “Type C”) are
good examples for phases that are challenging to assess and which may
contribute to the difficulties we encounter when calibrating the simu-
lation setup. Conversely, stochiometric and stable precipitates such as Si
and f are significantly easier to assess thermodynamically, and conse-
quently, their dissolution behavior is comparably less complicated to
model.

Overall, the evolution of individual phases in the simulations of the

present work agrees very well with the HEXRD data. Additionally, the
relevant trends in the DSC signal regarding the dissolution behavior of
stable precipitates are reproduced, highlighting the potential of the
approach outlined herein.

6.2. Nucleation setup

From the viewpoint of simulations, getting stable precipitates to
nucleate at the correct temperature within the framework of CNT re-
quires a reduction in the classical nucleation barrier (volume and surface
contributions), either by lowering the interface energy and/or consid-
ering the energy gain at various heterogeneous nucleation sites. The
latter concept has been successfully worked out in the recent work by
Miesenberger et al [24]. Still, absolute values within rigorous models for
these contributions are difficult to assess, and practical mean values are
used instead.

The present work estimates the total number density of heteroge-
neous nucleation sites based on DSC data without any detailed
assumption about the type of site. It proposes a simple and pragmatic
approach to model nucleation during cooling and heating at moderate
rates by including two precipitate populations of the stable phase.

The results suggest that the combination of mean-field simulations,
HEXRD, and DSC constitutes a promising strategy to improve nucleation
models and thermodynamic descriptions in the foreseeable future. This
includes isolating the influence of individual microstructural features on
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specific phases, such as the effect of grain size on the nucleation and
growth of Si. Another example would be the evaluation of different
definitions of the nucleation site density. For instance, for nucleation at
dispersoids, one may define (i) one nucleation site per dispersoid or (ii)
one site per surface atom of each dispersoid. Naturally, this definition
will affect how the remaining setup must be calibrated. We note that the
defined nucleation sites in the present work tend to be on the lower end
regarding the site density, with a correspondingly stronger reduction of
the nucleation barrier. This leads to an almost full saturation of nucle-
ation sites during cooling in all cases. For moderate cooling and heating
treatments such as the ones considered in the present work, this should
be a fair assumption given that the HEXRD data for the fastest cooling
rate, 0.167 K/s, still shows a substantial precipitation reaction of the
stable phases for both alloys (see Figs. 6 and 10), and the subsequent
heating signals are well reproduced. However, the low nucleation bar-
riers required to trigger nucleation at heterogeneous sites for very small
undercoolings also lead to high site saturations at significantly faster
cooling rates (e.g. 50 K/s, not shown). While the limited diffusion
adequately suppresses any noticeable reaction in the simulated DSC
signal for these cases, the low sensitivity of the site saturation to the
cooling rate in the present approach will need further investigation. It is
presently not clear to what extent nucleation actually commences during
cooling and/or re-heating for arbitrary cooling and heating rates, and
addressing this issue experimentally and/or computationally is beyond
the scope of the present work. From an experimental point of view, it is
difficult to verify, for instance, the existence of nuclei with number
densities of 1e14/m®. From a computational point of view, this aspect
quickly leads to some well-known and profound questions regarding the
capability of CNT to predict solid-state nucleation [53], especially for
non-isothermal treatments. As of now, for most mean-field models,
including the present work, a substantial amount of calibration is
required, and usually a high sensitivity to small changes in certain input
parameters or alloy composition remains. This means that in their pre-
sent form, the setups are alloy specific, and the accuracy of predictions
for varying dispersoid densities (mostly related to the transition metal
content) and general changes in composition is limited.

At the same time, we note that there are a few effects that may be
worth taking into account for improved mean-field approaches in the
future. For instance, in a recent work by Hutchinson and Bréchet [54],
an alternative approach to solid-state nucleation based on geometric
clusters resulted in an improved description of nucleation for kinetically
constrained systems. Furthermore, non-classical effects such as coales-
cence of subcritical clusters can facilitate overcoming the nucleation
barrier and may deserve further consideration [55]. It remains to be seen
under which exact conditions these approaches improve mean-field
simulations for cases such as the one considered in the present work.

6.3. Alloy 6061

The relation between the precipitate radius and the dissolution time
of precipitates in general [56], and f in particular [57], is
well-investigated. The nature of the comparably broad dissolution re-
action of p in DSC measurements relating to the existence of multiple
populations of f} precipitates has also been mentioned a few times in the
literature [7,58]. However, no study has yet addressed the separation of
f dissolution reactions in DSC measurements in such detail and provided
an experimentally verified simulation framework to reproduce this ef-
fect. Overall, the results for 6061 in the pragmatic approach of the
present work look promising. Nevertheless, a few uncertainties remain.
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The most fundamental open questions in the simulations relate to the
choice of potential nucleation sites and the calculation of nucleation
barriers that were mentioned in the previous chapter.

During the cooling experiments (comparably straightforward, as just
precipitation occurs), different approaches regarding the nucleation
setup can be taken. For instance, f, as well as the Q/Q’-Phase and other
metastable precipitates in technical alloys, preferably nucleate at large
intermetallics and dispersoids (see [5-11]) whose number densities
and/or estimated number of surface atoms may be considered as an
input value for the nucleation site density. Interestingly, such
pre-existing second-phase particles of any kind do not seem to be a ne-
cessity for the nucleation of p during cooling, as it readily precipitates in
pure alloys as well [5,6]. This was recently investigated in a study by
Hennum et al [5], who compared pure and technical alloys and dis-
cussed the effect on the precipitation of f. They conclude that the re-
action is not limited by nucleation but rather by bulk diffusion and argue
that pure ternary Al-Mg-Si alloys probably still contain sufficient defects
(subgrain boundaries, dislocations, etc.) to fully precipitate p. However,
it remains unclear which defects contribute to what extent.

In contrast, metastable phases (the low-temperature reactions) are
significantly affected by the presence of dispersoids, resulting in a
measurable difference between pure and industrial alloys [6]. In prin-
ciple, more dispersoids (nucleation sites) also lead to more metastable
precipitates in the present framework. However, further investigations
are required to, e.g., properly assess the nucleation sites in such a way
that the simulated DSC signal of metastable precipitates reacts
adequately to changes in the dispersoid density and achieve a smooth
transition to pure alloying systems without any dispersoids.

With respect to the heating simulations, it remains uncertain to what
extent secondary nucleation mechanisms at precursors during heating or
any transformation reactions into stable phases require consideration.
For some alloys, such as 6082 [8] and 6061 (herein), it is certain that the
formation reaction of p during heating overlaps with the dissolution of
the precursor precipitates (B’ or Q/Q’). Previous in-situ TEM studies by
some of the present authors [7] suggested that the formation of p during
heating in 6061 involves nucleation at dispersoids and metastable pre-
cursors, followed by a “precipitate-related transformation”. The model
in the present study on moderate cooling and heating rates works based
on the assumption that a population of small f§ already exists after
cooling to room temperature. In the simulations, the bulk diffusion turns
out to be sufficient to qualitatively reproduce the aforementioned
overlap of the dissolution of Q/Q’ with the growth of f, even though
their pre-defined number densities vary by two orders of magnitude.
Hence, in line with the arguments of Hennum et al [5], it may not be
necessary to consider any direct or indirect transformation mechanisms
— at least not for the growth of p. It is also interesting to note that the
dissolution signal during re-heating of p after cooling at 0.167 K/s is
fairly similar to those observed for heating from an as-quenched state or
T6 condition. In spite of the remaining questions regarding a universal
nucleation setup for fully arbitrary heat treatments, the present
approach is capable of capturing key aspects concerning the dissolution
behavior of stable p surprisingly well.

6.4. Alloy 6016

The simulated temperatures/times at which Si is fully dissolved
agree very well with the DSC experiments, which is the main prereq-
uisite for reliable simulations of, e.g., solutionizing treatments. The
same is true for the evolution of metastable precipitates. In contrast to
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6061, the low-temperature reaction (250-400 °C) of 6016 does not
include any measurable amounts of f, and it is well described with
nucleation and growth of only Q/Q’ and fine Si. In accordance with the
literature, Si precipitation seems to be significantly affected by the
defect microstructure and, in particular, by the grain size [14]. How-
ever, a proper assessment of this effect would require additional ex-
periments to compare microstructural states with systematically varying
grain sizes, which is beyond the scope of the concept outlined in the
present work.

Finally, we emphasize that fine Si does not strongly contribute to the
DSC signal during cooling and would not have been considered without
the HEXRD data and the heating experiments, underlining the advan-
tage of combining different methods.

7. Conclusion

The present work provides an experimentally verified, simple setup
for thermo-kinetic simulations that can be used to estimate the time
required for full solutionizing based on a given precondition, e.g. a
certain cooling strategy after homogenization and/or intermediate
annealing steps for the two alloys EN AW-6061 and EN AW-6016. The
setup accurately describes precipitation and dissolution during heating
as well as cooling for the later stages of the precipitation sequence over a
wide range of cooling/heating rates, with one parameter set for each
alloy. The proposed methodology constitutes a significant improvement
over previously published approaches of a similar kind [8,23]. The
following key points are concluded:

- To simulate the high-temperature reaction in DSC cooling experi-
ments of 6061 and 6016, one population of the respective stable
phase (B-Mg,Si or Si) nucleating at energetically favorable sites is
sufficient.

The HEXRD data reveal that stable precipitates (-MgsSi or Si) also
form at lower temperatures, but these have only limited contribu-
tions to the cooling DSC signal and are easily missed due to overlaps
with other precipitation reactions.

For simulations of heating DSC experiments after cooling at moder-
ate rates, the formation of stable precipitates at lower temperatures
has to be considered as well. This can be done, e.g., in the form of an
additional precipitate population nucleating at less favorable sites,
with a higher number density.

Some precipitates appear to be more influenced by microstructural
features (presence of dispersoids, grain structure, etc.) than others.
Metastable precipitates and Si seem especially sensitive to variations
in defect densities.

The NKW setup herein captures the contribution of phases from the
later precipitation stages to the excess specific heat, the trans-
formation rates, and their kinetic dependencies within the investi-
gated range of cooling and heating rates.

The proposed combination of DSC, HEXRD, and mean-field simula-
tions facilitates more sophisticated simulations in the future. For
instance, by (i) extracting the influence of certain microstructural
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features on individual phases, thus (ii) allowing a comparison between
different setups to get more reliable descriptions for nucleation, and (iii)
overall improving thermodynamic descriptions of metastable and stable
precipitates.
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Fig. 11. Overview of mean radii r, phase fractions f and precipitate number densities N during cooling at —0.0167, —0.03 and —0.167 K/s (from left to right) using
the setup in the present work for hot rolled plates of 6061.
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Appendix B

Nucleation model parameters used in the present work.

Thermochimica Acta 755 (2026) 180181

Parameter EN AW-6061 EN AW-6016
Teric for p-MgsSis 2200 K [59] -

Teric for Q- Al3CuMgsSiy 1500 K 1500 K

Teri¢ for p-MgaSi 1950 K [59] 1950 K [59]
Terit for Si - 1800 K

Site boundary energy ygs 0.5 Jm™ 0.5 Jm?
Heterogeneous interface energy factors k; / ks (for model details see [24])

$’-MgoSis 0.75 / 0.25 -

Q- Al3CusMggSiy 0.85/0.15 0.725/0.15
Coarse [-Mg,Si 0.6 / 0.55 -

Fine p-Mg,Si 0.75 / 0.25 0.7/0.3
Coarse Si - 0.6/0.35
Fine Si - 0.75/0.15
Distribution parameters d / n (for model details see [25])

B-MgoSis 0.6/0.9 -

Q- Al3CuaMgoSiy 0.5/1.0 0.25/1.0
Coarse [-Mg,Si 0.3/1.25 -

Fine p-Mg,Si 0.6/1.25 0.6/1.0
Coarse Si - 0.3/1.0

Fine Si - 0.2/1.0
Total number density of nucleation sites

$’-MgoSis 8-10'8 m -

Q- Al3CusMgoSiy 610 m3 2510 m®
Coarse -MgsSi 310 m® -

Fine p-Mg,Si 1.5.10° m® 5.10 m
Coarse Si - 1.5.10° m3
Fine Si - 510 m®

Data availability
Data will be made available on request.
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