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ABSTRACT

During heating of Al alloys, typically a sequence of precipitation and dissolution

reactions occurs and the single (partly opposing) reactions superimpose. Dif-

ferential scanning calorimetry (DSC) is one common technique to analyse the

kinetic development of precipitation and dissolution in Al alloys, but the

superposition of the exothermic precipitation and endothermic dissolution

reactions complicates the DSC signal interpretation, as DSC measures the sum of

any heat effect. Synchrotron high-energy X-ray diffraction (HEXRD) allows the

kinetic development of phase transformations to be obtained and can support

the separation of superimposed DSC signals. HEXRD results from this work

offer a new approach to separate part of the superimposed reactions and their

kinetic development for the equilibrium phases b-Mg2Si in EN AW-6082 and

g-Mg(Zn,Cu,Al)2 in EN AW-7150. Comparing DSC and HEXRD results con-

firms serious overlap issues. Common DSC evaluation methods alone, using

zero crossing between endothermic and exothermic heat flow or peak positions

can be misleading regarding individual reaction start and finish temperatures as

well as regarding reaction intensities, which can be unambiguously determined

by in situ HEXRD.

Introduction

The kinetic investigation of phase transformations

during heating of aluminium alloys is of importance,

for instance, to adjust process parameters during

production. During heating of Al alloys, typically a

sequence of precipitation and dissolution reactions

takes place. One option for kinetic analysis is differ-

ential scanning calorimetry (DSC), as dissolution

reactions are endothermic, while precipitation reac-

tions are exothermic. A DSC-device always measures
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the sum of any heat effect (i.e. any reactions). In terms

of the heat flow sum, precipitation and dissolution

are opposing processes (exo- versus endothermic),

and the DSC signal can potentially be zero even

though two or more superimposed reactions are

running. This makes the interpretation of heating

DSC results on heat treatable Al alloys compli-

cated [1]. As one major issue, single DSC peaks must

not be mixed up with the maximum of the transition

rate of the underlying microstructural reaction, for

instance a precipitation. Certainly, this is a drawback,

as one often aims to learn about certain specific

reactions rather than about the sum of reactions. The

detailed sequence of alternating exothermic and

endothermic reactions depends on the initial condi-

tions; that is, it depends on which phases already are

precipitated and how much of the total fraction of

alloying element atoms are solved [1]. However, in

most cases, the alternating reactions are not well

separated but, rather, are superimposed.

Figure 1 shows heating DSC results of alloy

EN AW-6082 in initial artificially aged condition T651

at three different heating rates. Starting with the

dissolution of the precipitates formed during the

ageing treatment, a complex alteration of endother-

mic and exothermic peaks is seen. This indicates a

complex superposition of dissolution and precipita-

tion reactions following the precipitation sequence of

b-Mg2Si. It is remarkable to note that the peak areas

(apparent enthalpy change DH) of the first

endothermic dissolution peak increase with increas-

ing heating rate. This is not expected, as dissolution

relates to diffusion, and thus, should be suppressed

with shortening time available. For EN AW-6082, this

increase in apparent enthalpy change DH from 0.03 to

3 Ks-1 is found to be by about a factor of 5.5. Similar

findings on dynamic changes in DSC heating curves

were made on a range of AlMgSi alloys in [1], as well

as on two Al-Zn-Mg(-Cu) alloys in [2].

One likely explanation is given by a dynamic

change in the superposition of the opposing disso-

lution and precipitation reactions. Exothermic pre-

cipitation reactions are more easily suppressed

compared to dissolution reactions—this is predomi-

nantly as the diffusion ways are shorter for dissolu-

tion reactions compared to precipitation from

homogenous solid solutions [3], which leads to a

seemingly larger fraction of the dissolution reaction

seen in the DSC sum signal at faster heating rates.

This general issue was already addressed in previous

works [1, 3]. As one major outcome, it is concluded

that for age hardening alloys, in most cases, single

intensities (peak areas) of DSC peaks may not be

interpreted. It directly refers to one single reaction,

unfortunately, is exactly the basis of most interpre-

tations of heating DSC signals from Al alloys, see for

instance [4–6]. This is even more doubtful if the DSC

peaks are used for the determination of activation

energies for the precipitation of specific phases, such

as in many works, (e.g. [7–15]), for instance, by

applying evaluation methods like the Kissinger

method [16].

DSC peak separation can be supported by other

in situ methods that allow for the analysis of phase

transformations. This has already been shown by

comparing DSC and Light Flash Analysis results, as

thermal diffusivity also depends on alloy

microstructure (e.g. precipitates) [17]. In the first

decade of the 2000’s high-energy X-ray diffraction

(HEXRD) in a synchrotron became another powerful

method for studying phase transformation processes

in situ [18–20]. Especially the combination of small-

angle and wide-angle X-ray scattering experiments

enabled to obtain data of the evolution and kinetic

Figure 1 DSC heating curves at the heating rates of 0.03, 0.3,

and 3 Ks-1 of an alloy: EN AW-6082 T651. The highlighted peak

areas seem to correlate to dissolution of the strengthening

precipitates without considering overlapping reactions.
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development of precipitation processes [21–23]. In

[24], a methodology of HEXRD data evaluation was

established, which allows a transformation rate for

precipitation during cooling of Al alloys to be recal-

culated. The obtained HEXRD results can be directly

compared with the DSC signal, but so far, this was

shown only for cooling experiments (at which only

precipitation occurs). In this work, we compare

HEXRD and DSC data on heating of two Al alloys,

assessing precipitation and dissolution of two equi-

librium phases, b-Mg2Si in EN AW-6082 and

g-Mg(Zn,Cu,Al)2 in EN AW-7150.

Materials and methods

Two aluminium wrought alloys were investigated,

namely AlMgSi alloy EN AW-6082 in initial condi-

tion T651 (solution treated, quenched, artificially

aged, additionally stress relief by stretching) as well

as an AlZnMgCu alloy EN AW-7150 in initial con-

dition T6 (solution treated, quenched, artificially

aged). Table 1 gives the mass fractions of alloying

elements for the two investigated alloys analysed by

optical emission spectroscopy (OES) as well as their

nominal composition ranges according to standard

EN 573–3.

DSC heating experiments were performed and

evaluated as described in [25]. For EN AW-6082,

heating was done up to 585 �C, while EN AW-7150

was heated up to 480 �C. For each alloy, at least four

to eight individual samples, each in identical initial

conditions, were heated with rates of 0.03, 0.3, and

3 Ks-1. The slow measurements at 0.03 Ks-1 were

performed in the Calvet-type heat flow DSC Setaram

S 121. The faster heating tests of 0.3 and 3 Ks-1 were

performed in two power-compensated PerkinElmer

Pyris Diamond DSC. Nitrogen was used as purge gas

during the DSC experiments. The DSC results are

normalized to the unit of the excess specific heat

capacity by dividing the measured heat flow by

sample mass and scanning rate. In this work, aver-

aged DSC curves are shown like that introduced in

[25].

The general experimental setup for the HEXRD

experiments is published in detail in [24]. The cylin-

drical samples (Ø 4 9 10 mm) were heated at con-

stant rates in a modified dilatometer type

Baehr 805 A/D, which is mounted in the DESY syn-

chrotron facility in Hamburg, Germany (Deutsches

Elektronen-Synchrotron). The sample chamber of the

dilatometer was evacuated after sample mounting

and refilled with Ar to a low under-pressure of

-20 kPa. The high energy materials science (HEMS)

beamline P07 at PETRA III, which provides tunable

photon energies in the 30 – 200 keV range [26], was

used. The incident X-ray beam had an energy of

95.68 keV, corresponding to a wavelength of

0.012958 nm, and a size of 0.5 mm 9 0.5 mm in this

study. The high beam energy allows the beam to

penetrate a bulk aluminium sample with a 4 mm

diameter, and the high intensity of a synchrotron

source enables a sufficiently high time resolution for

fast in situ heating experiments. For each HEXRD

heating experiment, individual samples in identical

initial conditions as in DSC were taken.

Characteristic Debye–Scherrer diffraction rings

(Fig. 2 A) were recorded at discrete time intervals,

which depend on the applied heating rate (&40 s at

0.03 Ks-1; &0.8 s at 3 Ks-1). By rotational integration

of the diffraction images, diffractograms like that

shown in Fig. 2 B were created. One challenge for the

further evaluation is to find appropriate diffraction

peaks related to one single phase and well separated

from other peaks, while also considering the tem-

perature shift related to thermal expansion. The

considered peaks within the integrated diffraction

pattern were identified using the DIFFRACplus

PDFMaint database 15.0.0.0 (Bruker-AXS

1996–2009, [27]). Relevant phases in EN AW-7150

include S-Al2CuMg precipitates and isostructural

Table 1 Mass fractions of alloying elements in the investigated aluminium wrought alloys

mass fraction in % Si Fe Cu Mn Mg Cr Zn Ti Zr

EN AW-6082 OES 0.83 0.38 0.06 0.48 0.92 0.03 0.01 0.02 –

EN 573–3 0.7–1.3 \ 0.5 \ 0.1 0.4–1.0 0.6–1.2 \ 0.25 \ 0.2 \ 0.1

EN AW-7150 OES 0.02 0.05 2.04 0.04 2.15 \ 0.01 6.33 0.01 0.12

EN 573–3 \ 0.12 \ 0.15 1.9–2.5 \ 0.1 2.0–2.7 \ 0.04 5.9–6.9 \ 0.06 0.08–0.15
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variants of g-Mg(Zn,Cu,Al)2 [28]. The characteristic

crystal structure features are as follows for

g-Mg(Zn,Cu,Al)2 (hexagonal, P 63/m m c, a = 0.521

nm, c = 0.860 nm, [29]) and S-Al2CuMg (orthorhom-

bic, ’C m c m’, a = 0.400 nm, b = 0.923 nm,

c = 0.714 nm, [29]). In alloy 6082, b-Mg2Si phase (fcc,

’F m -3 m’, a = 0.639 nm, [29]) is the relevant equi-

librium phase. The crystal structure of these equilib-

rium precipitates can clearly be distinguished from

their precursors b�-Al2MgSi2 (hexagonal, a =

0.705 nm, c = 0.405 nm [29]), or B�-Al4Mg8Si7
(hexagonal, a = 1.04 nm, c = 0.405 nm [29]) and

g� (hexagonal, a = 0.496 nm, c = 1.405 nm [29]),

respectively The most intensive rings in Fig. 2A

belong to the aluminium matrix resulting in the

typical fcc diffraction pattern visible in Fig. 2B. The

fine-grained Al matrix (mean grain size\ 10 lm) a

few larger Al grains exist (about 100 lm) resulting in

additional spots within the rings, as visible in

Fig. 2A. Besides the Al rings, very weak additional

rings are visible in Fig. 2A. They can be attributed to

precipitates of b-Mg2Si and its coarser precursors,

b� and B�. These precipitates are still relatively large

because they show clear Bragg peaks and no pre-

ferred orientation could be observed in the rings.

These precipitates were either not completely dis-

solved during the solution treatment or formed dur-

ing the initial artificial ageing of the material. A more

detailed part of diffractograms for alloy EN-AW 6082

taken at different temperature is shown in Fig. 3.

Selected Al- and b-diffraction peaks with relative

high intensities are indicated and the peak shift

related to thermal expansion is clearly visible, e.g. for

111 a-Al.

For the example of EN AW-6082 T651, Fig. 4 shows

the 111 diffraction peak of the phase b-Mg2Si as a

function of temperature during heating. The evalu-

ated peak at 17.10 nm-1 was chosen because it has a

high intensity and there is no overlap with other

peaks in this area, so that a reliable evaluation can be

guaranteed, for more details see [24]. It can be seen

that the phase b-Mg2Si seems to be present already in

the initial state. With increasing temperature, the

peak area up to about 300 �C stays constant and then

starts to increase from about 300 �C up to about

435 �C, i.e. further b-Mg2Si is precipitated. At higher

temperatures, the peak decreases as the b-Mg2Si

phase is partly dissolved. The course of peak areas

depending on temperature has been differentiated to

calculate a transformation rate (for details, see [24]).

Figure 4b shows a colour-coded top view of the of

evolution of 111 b-Mg2Si. Besides the linear thermal

expansion, an additional peak shift is visible in the

temperature range from about 350 �C up to about

450 �C. This peak shift can be attributed to an

expansion of the b-Mg2Si lattice due to a change in

the chemical composition, which is well known from

other alloys [20]. Additionally, in the range from

(a) (b)

Figure 2 a diffraction pattern at 100 �C during heating of EN AW-6082 T651 at 3 Ks-1, b diffraction-data converted into a

diffractogram at 100 �C during heating of EN AW-6082 T651 at 3 Ks-1, nominal relative peak intensities in % according to [27].

19700 J Mater Sci (2021) 56:19697–19708



about 350 �C up to about 400 �C a significant peak

broadening can be observed which reduces again up

to about 450 �C. At the beginning of the precipitation,

additional small b-Mg2Si crystallites nucleate. The

small size of these nuclei results in the significant

peak broadening. Within the course of the precipita-

tion, crystal growth becomes dominating and the

peak width reduces again. Besides, healing of crystal

defects is an additional reason for the decrease of the

peak width.

Results

The diffraction peak areas (see Fig. 5a, b, c) as well as

the phase transformation rates (see Fig. 5d, E, F) for

all three heating rates considered are given as a

function of temperature for b-Mg2Si in EN AW-6082.

Starting from room temperature, it can be seen that

with increasing temperature, at first, the equilibrium

phase b is precipitated. After the maximal precipita-

tion transformation rate is reached, with further

increase of temperature, a zero crossing can be

observed, indicating the beginning of the dissolution

of the considered phase. The relevant temperatures,

e.g. their transformation rate peak temperatures, are

shifted to higher temperatures with increasing heat-

ing rate. This is accompanied by a decrease in the

intensity of precipitation and dissolution reactions,

i.e. the transformed phase fraction is reduced at

higher heating rates. For EN AW-6082, it is remark-

able that, at a heating rate of 3 Ks-1, phase b-Mg2Si

cannot be fully dissolved in the aluminium matrix

until 585 �C. This is seen as the HEXRD peak

Figure 3 Detailed view of

four individual diffractograms

during the heating of EN

AW-6082 T651 at 0.3 Ks-1 at

different temperatures showing

the shift of the high-intensity

peaks, nominal relative peak

intensities in % according to

[27].

(b)

Figure 4 Development of one diffraction peak related to the phase b-Mg2Si in EN AW-6082 as a function of increasing temperature.

a 3D plot; b colour-coded top-view.
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intensity does not drop to the zero level when

reaching the maximum temperature 585 �C during

heating.

The integrated 002 diffraction peak areas of the

g-Mg(Zn,Cu,Al)2 phase in EN AW-7150 (see Fig. 6a,

b, c) as well as the corresponding phase transforma-

tion rates (see Fig. 6d, e, f) for all three heating rates

considered are given as a function of temperature in

Fig. 6. Assessing the diffraction HEXRD-peak areas,

it can be seen that at room temperature, no equilib-

rium g-Mg(Zn,Cu,Al)2 is present. With increasing

temperature, g-Mg(Zn,Cu,Al)2 is precipitated with

increasing transformation rate. For a heating rate of

0.03 Ks-1, after reaching the maximum transforma-

tion rate at 260 �C, the intensity of precipitation

decreases rapidly. The curve is crossing the zero

level, indicating the subsequent dissolution of

g-Mg(Zn,Cu,Al)2, which is finished at about 475 �C.
The relevant transformation rate peaks are shifted to

higher temperatures with increasing heating rate.

This is accompanied by a decrease in the intensity of

precipitation and dissolution reactions, i.e. the

transformed phase fraction is reduced at higher

heating rates. The general kinetic behaviour of pre-

cipitation and dissolution during heating at various

rates of the g-Mg(Zn,Cu,Al)2 phase in EN AW-7150

(b)(a) (c)

(d) (e) (f)

Figure 5 a, b, c Peak areas of

111 b-Mg2Si of EN AW-

6082 T651 during heating at

A: 0.03 Ks-1; B: 0.3 Ks-1; C:

3 K-1; d, e, f minus one times

1st differentiation of the

smoothed peak area curve to

the process variable

‘‘transformation rate’’.

(a) (b) (c)

(d) (e) (f)

Figure 6 a, b, c Integrated

peak areas of 002 g-
Mg(Zn,Cu,Al)2 of EN AW-

7150 T6 during heating at A:

0.03 Ks-1; B: 0.3 Ks-1; C:

3 Ks-1; d, e, f minus one

times 1st derivate of the

smoothed integral curve to the

process variable

‘‘transformation rate’’.

19702 J Mater Sci (2021) 56:19697–19708



T6 are, thereby, found to be very similar to those of

the b-Mg2Si phase in alloy EN AW-6082 T651. In this

work, during heating of EN AW-7150 T6 (within the

heating rate spectrum applied), precipitation or dis-

solution of the S-Al2CuMg phase is not observed by

HEXRD.

Exemplarily, Fig. 7 shows the reproducibility of the

transformation rate curves for g-Mg(Zn,Cu,Al)2 in

EN AW-7150 generated from the HEXRD signal.

Part A of Fig. 7 represents the reproducibility from

three individual samples, which is found to be good.

In a similar way, Part B of Fig. 7 shows a good

agreement evaluating different diffraction peaks of g-
Mg(Zn,Cu,Al)2. It can be concluded that the

methodology introduced for the cooling experiments

[24] can be transferred successfully to the heating

experiments.

In Figs. 8 and 9, direct comparisons of DSC and

HEXRD data for the b-phase in EN AW-6082 (A), as

well as for the g-phase in EN AW-7150 (B), are

summarized. The black curves show the results of the

HEXRD measurements. Each curve is shown with its

own zero level (dotted horizontal straight line). A

deviation below the respective zero level indicates a

precipitation reaction, while a deviation above the

zero level indicates a dissolution reaction during

heating. The blue curves show the results of the DSC

measurements. Also in the DSC measurements, a

deviation of the curve above the respective zero level

shows that, in sum, a dissolution reaction dominates,

while a deviation below the zero level shows domi-

nation of precipitation reactions.

The HEXRD results in Fig. 8 show that precipita-

tion of the equilibrium phase b-Mg2Si in the alloy

EN AW-6082 T651 starts at 270 �C at a heating rate of

0.03 Ks-1. The maximum transformation rate of this

phase is reached at 360 �C. From 400 �C on, the

formed b-Mg2Si precipitates are dissolved again. The

dissolution of the equilibrium phase b-Mg2Si has

stopped at 540 �C at a heating rate of 0.03 Ks-1. The

HEXRD results in Fig. 8 further show that the tem-

perature ranges of precipitation and dissolution of

the equilibrium phase b-Mg2Si are shifted to higher

temperatures with increasing heating rate. For

example, the maximum transformation rate of

b-Mg2Si precipitation is shifted from 360 �C at

0.03 Ks-1 to 435 �C at 0.3 Ks-1, and finally to 475 �C
at 3 Ks-1. At the heating rate of 3 Ks-1, it is evident

that the dissolution of the b-Mg2Si phase was not

completed at 585 �C. Moreover, it can be seen that the

areas of the transformation rate peaks in the HEXRD

signals decrease with increasing heating rate.

(a) (b)

Figure 7 a Comparison of three samples of alloy EN AW-7150 at

a heating rate of 3 Ks-1 (results evaluating 002 g-MgZn2) and

b Comparison of three investigated Bragg peaks of sample 1: 002

g-MgZn2; 203 g-MgZn2; 220 g-MgZn2 of alloy EN AW-7150 at

a heating rate of 3 Ks-1.

Figure 8 Comparison of HEXRD b-Mg2Si transformation rates

from 111 b-Mg2Si to DSC curves [30] during heating of EN AW-

6082 T651 at different heating rates.

J Mater Sci (2021) 56:19697–19708 19703



The DSC measurements of alloy EN AW-6082 T651

also show that the measured peaks are shifted to

higher temperatures with increasing heating rate. It

turns out, however, that the various reactions overlap

severely in this alloy. While the HEXRD results

clearly show precipitation of the equilibrium phase

b-Mg2Si in the temperature range of 270–400 �C at a

heating rate of 0.03 Ks-1, an endothermic dissolution

reaction dominates in DSC measurements in the

identical temperature range. This shows that,

between 270 and 400 �C, the equilibrium phase b-
Mg2Si is precipitated (see HEXRD results), while

other phases (likely Mg2Si precursor phases b� and

b��) are dissolved at the same time (see DSC results).

However, these precursor phases are too small to be

detected using HEXRD. The same behaviour can also

be observed at higher heating rates of 0.3 and 3 Ks-1

for the alloy EN AW-6082 T651. In all recorded

heating curves, it can be seen that, in the DSC curves,

an endothermic dissolution reaction dominates in the

temperature range in which the HEXRD results

indicate precipitation of the equilibrium phase b-
Mg2Si. Coming back to the increase in the DSC peak

areas (apparent enthalpies) of the endothermic dis-

solution peaks at lower temperatures (with increas-

ing heating rate), it can, indeed, be seen from Fig. 8

that this DSC peak area enlargement is related to the

more severe suppression of the superimposed pre-

cipitation reactions (as postulated in [3]) rather than

to an increase of any dissolution reaction.

At higher temperatures between 400 and 540 �C
and a heating rate of 0.03 Ks-1, the HEXRD results

show that the equilibrium phase b-Mg2Si is dissolved

again. In the DSC measurements, a dominating dis-

solution reaction is measured up to even higher

temperatures in comparison with the HEXRD results.

One possible explanation for ongoing dissolution

reactions is the dissolution of Mn-containing disper-

soids [25] and/or dissolution of excess Si.

The small exothermic precipitation DSC peak

between 390 and 430 �C at 0.03 Ks-1 is often inter-

preted as the precipitation of the equilibrium phase

b-Mg2Si [30]. From the comparison of the available

measurements from HEXRD and DSC, it is obvious

that this exothermic DSC peak represents only part of

the precipitation of equilibrium phase b-Mg2Si.

The HEXRD results in Fig. 9 show that precipita-

tion of the equilibrium phase g-Mg(Zn,Cu,Al)2 in

alloy EN AW-7150 T6 starts at 210 �C at a heating

rate of 0.03 Ks-1. The maximum transformation rate

is reached at 260 �C. The curve crosses the zero level

at 330 �C, which means the previously formed

g-Mg(Zn,Cu,Al)2 precipitates are being dissolved in

the aluminium matrix. For the considered heating

rate of 0.03 Ks-1, dissolution of the equilibrium phase

g-Mg(Zn,Cu,Al)2 is completed at around 475 �C.
With increasing heating rate, it can be seen that

specific reactions are shifted to higher temperatures.

This, for example, holds for the precipitation peak

maximum of equilibrium phase g-Mg(Zn,Cu,Al)2,

which was found to be 260 �C at 0.03 Ks-1, 280 �C at

0.3 Ks-1, and finally 320 �C at 3 Ks-1. In contrast to

b-Mg2Si in EN AW-6082 (Fig. 8), even at the highest

investigated heating rate of 3 Ks-1, phase

g-Mg(Zn,Cu,Al)2 can be dissolved completely in the

matrix of EN AW-7150 during heating up to 480 �C
solution annealing temperature. As for b-Mg2Si in

EN AW-6082 T651, it can be seen that the intensity of

the precipitation peak as well as the following dis-

solution peak in the HEXRD results decrease with

increasing heating rate.

The DSC curve of alloy EN AW-7150 T6 with

0.03 Ks-1 shows a first endothermic peak, which

shifts from 170 �C at 0.03 Ks-1 to 250 �C at 3 Ks-1.

Presumably, GP-zones as well as g’ precipitates are

likely being dissolved as part of this dissolution

reaction [31, 32]. The peak area of this endothermic

peak increases with increasing heating rate. Further-

more, heating leads to a zero level crossing and,

subsequently, to an exothermic reaction with a

Figure 9 Comparison of HEXRD transformation rates from 002

g-MgZn2 to DSC curves during heating of EN AW-7150 T6 at

different heating rates.

19704 J Mater Sci (2021) 56:19697–19708



double peak at 210 �C and 220 �C for 0.03 Ks-1. The

reason for the double peak nature has extensively

been discussed in [32], and probably, the two peaks

are related to the direct transformation from still

existing g’ particles to g-Mg(Zn,Cu,Al)2 (called

g2 variant in [32]) and to a direct precipitation of the

g-Mg(Zn,Cu,Al)2 phase from the solid solution (g1

variant [31, 32]). Finally, another broad endothermic

reaction follows starting at 250 �C. According to

[31, 32], this endothermic reaction is associated with

the dissolution of g-Mg(Zn,Cu,Al)2. All endothermic

and exothermic reactions shift with increasing heat-

ing rate.

In general, results from both techniques, HEXRD

and DSC, show significant differences, and it is evi-

dent that there is a severe overlap of simultaneously

ongoing reactions, like precipitation, direct phase

transformations, and dissolution. This is particularly

evident in the case of the alloy EN AW-6082. In the

temperature region, where HEXRD shows clearly

precipitation of b in EN AW-6082 (Fig. 8), the DSC

signal is still dominated by dissolution of precursor

b�, i.e. the common methodology in assignment of

individual DSC signals to certain reactions is inap-

propriate during heating of Al-alloys. Zero crossings

between exothermic and endothermic signals cannot

be used in general to differentiate certain reactions,

nor can heating DSC peaks be assigned to refer to one

single reaction.

Instead, Fig. 10 shows schematically, on alloy

EN AW-6082, our assumption of how strongly over-

lapping precipitation and dissolution reactions can

result in the obtained DSC curves. The simplified

course of b-precipitation and b-dissolution with their

relevant temperatures has been transferred from

HEXRD (Fig. 8). The courses of b�-dissolution and

dispersoid-dissolution are also simplified, but their

temperature ranges and relative intensities are justi-

fied by DSC measurements [1, 25]. The schematic

sum of heat flow curves corresponds well with the

measured DSC-curves in Fig. 8. All features can be

reproduced, especially the seemingly small exother-

mic reaction around 400 �C. Comparison with

HEXRD shows that this seemingly small exothermic

DSC reaction obviously results from a superposition

of endothermic b�-dissolution and exothermic b-pre-
cipitation. The b-precipitation starts already at sig-

nificantly lower temperatures than seemingly

indicated by the small exothermic heat flow sum.

It is remarkable that the HEXRD and DSC results of

EN AW-7150 for a heating rate of 3 Ks-1 show a

good agreement above about 280 �C (Fig. 9). At first

sight, this seems to contradict the above superposi-

tion assumption, but at second sight, it is confirmed.

In this special case of alloy EN AW-7150, initial state

T6, and heating rate 3 Ks-1, the endothermic disso-

lution of GP-zones and g�-precipitates (about 200—

280 �C) is almost completely separated from the

exothermic g-precipitation (about 280 -350 �C). The
small overlap does not influence the heat flow of g-
precipitation and subsequent g-dissolution. Thus,

DSC and HEXRD results agree in this temperature

range. At higher temperatures, one can assume,

again, an additional heat flow contribution from

dissolution of other phases.

(a) (b)Figure 10 Schematically

overlapping of b�-dissolution,
b-precipitation, b-dissolution,
and dispersoid-dissolution

(arbitrary heat flow axis),

a single reactions, b sum of

single reactions.
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Conclusive summary

DSC is a powerful method for in situ analysis of

precipitation and dissolution reactions in metals over

a wide range of heating and cooling rates. However,

different simultaneously ongoing reactions cannot be

separated easily from each other because the DSC

measuring principle detects the heat flow sum of all

ongoing reactions at a certain time or temperature.

Precise separation of overlapping reactions is diffi-

cult, in particular in the case of heating DSC experi-

ments, due to simultaneously running endothermic

dissolution reactions and exothermic precipitation

reactions. In order to separate the individual reac-

tions from each other, in situ HEXRD was used in this

work, as X-Ray diffraction is sensitive regarding

individual phases with different crystal structures.

Comparing DSC and HEXRD results for the precipi-

tation and subsequent dissolution of b-Mg2Si in alloy

EN AW-6082 as well as g-Mg(Zn,Cu,Al)2 in alloy

EN AW-7150 confirms a severe superposition of dif-

ferent reactions. Common DSC evaluation methods

using zero crossing between endothermic and

exothermic heat flow or evaluation of DSC single

peaks are, therefore, misleading regarding individual

reaction start and finish temperatures, as well as

regarding reaction intensities or phase transforma-

tion rates. However, the combination with other

in situ methods like HEXRD can allow appropriate

peak separation.

For alloy EN AW-6082 T651, the temperature ran-

ges of precipitation and subsequent dissolution of the

equilibrium phase b-Mg2Si during heating over a

wide range of heating rates could be determined by

HEXRD. Likewise, for alloy EN AW-7150 T6, the

temperature ranges of precipitation and subsequent

dissolution of the equilibrium phase g-Mg(Zn,

Cu,Al)2 depending on heating rate could be identi-

fied. Especially, it is found that b- and g-precipitation
starts at significantly lower temperatures than those

reported in literature and the apparently corre-

sponding DSC peaks.

Other general DSC results have been confirmed by

HEXRD, e.g. peak shift to higher temperatures with

increasing heating rate, suppression of peak intensi-

ties with increasing heating rate, and stronger sup-

pression of precipitation compared to dissolution

reactions with increasing heating rate.

Acknowledgements

The authors acknowledge the granted measurement

time at the high energy materials science beamline

P07 at PETRA III, Deutsches Elektronen-Synchrotron,

Hamburg, Germany (Proposal I-20170023) and the

helpful support of the DESY staff.

Author contribution

CR, HF, BM, MR, WK, AS, OK designed, performed,

evaluated, and discussed the experiments. CR, HF,

BM wrote the paper. All authors reviewed the

manuscript and agreed to the final version.

Funding

Open Access funding enabled and organized by

Projekt DEAL.

Declarations

Conflict of Interest The authors declare no conflict

of interest.

Open Access This article is licensed under a Crea-

tive Commons Attribution 4.0 International License,

which permits use, sharing, adaptation, distribution

and reproduction in any medium or format, as long

as you give appropriate credit to the original

author(s) and the source, provide a link to the Crea-

tive Commons licence, and indicate if changes were

made. The images or other third party material in this

article are included in the article’s Creative Commons

licence, unless indicated otherwise in a credit line to

the material. If material is not included in the article’s

Creative Commons licence and your intended use is

not permitted by statutory regulation or exceeds the

permitted use, you will need to obtain permission

directly from the copyright holder. To view a copy of

this licence, visit http://creativecommons.org/licen

ses/by/4.0/.

References

[1] Osten J, Milkereit B, Schick C, Kessler O (2015) Dissolution

and precipitation behaviour during continuous heating of

19706 J Mater Sci (2021) 56:19697–19708

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Al-Mg-Si alloys in a wide range of heating rates. Mater

8(5):2830–2848. https://doi.org/10.3390/ma8052830
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